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ABSTRACT 
Maintenance of genomic stability is of crucial importance for all organisms.  Cells 
are continually exposed to exogenous and endogenous agents that can damage DNA.  Of 
special interest is the manner in which male germ cells respond to and repair induced 
DNA double strand breaks (DSBs), as the propagation of cells carrying damaged DNA 
can lead to the production of heritable mutations, genetic diseases, and sterility.  In 
addition, treatment of male germ cells with DNA damaging agents, such as many 
chemotherapeutic drugs, can ultimately result in infertility.  This research focused on 
investigating the mechanisms by which male germ cells, specifically those in late 
prophase of meiosis I, from two species respond to exogenously induced DNA damage.  
The laboratory mouse and Drosophila melanogaster were chosen for our study primarily 
due to the differential requirements for repair proteins during normal spermatogenesis 
between the two species. 
Two DNA-damaging agents were employed for in-vitro treatment of mouse 
pachytene spermatocytes: γ-irradiation and etoposide, a topoisomerase II inhibitor that 
results in persistent un-ligated DSBs.  Drosophila late prophase spermatocytes were 
treated in-vivo with γ-irradiation and methyl methanesulfonate (MMS).  Chromatin 
modifications associated with DSBs were monitored after exposure by examining 
immunolocalization of RAD51 (homologous recombination repair protein) and the 
phosphorylated variant of histone H2AX, γH2AX (mouse), or H2Av, γH2Av 
(Drosophila) (which modifies chromatin associated with DSBs). 
An extensive comparative analysis of results from these two model systems 
showed that spermatocytes from the laboratory mouse and Drosophila melanogaster 
respond to the induction of DSBs by phosphorylating histone H2A variants, H2AX and 
H2Av, respectively.  These results suggest that this is an evolutionarily conserved 
response in spermatocytes.  In contrast, RAD51 was recruited to damaged chromatin only 
in mouse spermatocytes, indicating that spermatocytes from these two species repair 
DNA DSBs by different pathways. 
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Part I-General Introduction 
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Chapter 1-Introduction 
Maintenance of genomic stability is of crucial importance for life.  Cells are 
continually exposed to exogenous and endogenous agents that can damage DNA.  The 
most dangerous of these lesions is believed to be the double strand break (DSB).  Of 
special interest here is the manner in which male germ cells respond to and repair 
induced DNA double strand breaks, as the propagation of cells carrying damaged DNA 
can lead to the production of heritable mutations, genetic diseases, and sterility.  In 
addition, treatment of male germ cells with DNA damaging agents, such as many 
chemotherapeutic drugs, can ultimately result in infertility.  Thus a more through 
investigation of the manner in which male germ cells respond to induced DNA damage 
may provide us with a greater understanding of the mechanisms governing fertility and, 
in due course, offer more suitable methods for treating testicular cancer.   
Eukaryotic cells can repair DNA double strand breaks via two main pathways: 
homologous recombination (HR) and non-homologous end joining (NHEJ) (reviewed by 
Jackson et al., 2002).  Within homologous repair there are three major sub-pathways to 
repair damage: formation and resolution of double Holliday junctions (DHJ), synthesis 
dependent strand annealing (SDSA), and single strand annealing (SSA).  Homologous 
recombination repair and nonhomologous end joining appear to be equally important in 
repairing DSBs induced in the mouse and fly. 
Research presented in this dissertation investigates the manner in which male 
germ cells, specifically those in late prophase of meiosis I, from two species respond to 
exogenously induced DNA.  The laboratory mouse and Drosophila melanogaster were 
chosen for our study primarily due to the differential requirements for repair proteins 
during normal spermatogenesis between the two species.  This introduction begins with 
an overview of DNA damage responses in eukaryotic cells followed by a detailed 
discussion of both meiotic systems, and finishes with an outline of the remaining parts of 
this dissertation.  
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Overview of DNA damage repair pathways 
Double Holliday Junction (DHJ) Homologous recombination (HR) repair 
Many of the genes and proteins responsible for homologous recombination were 
first identified in yeast, as cells carrying mutations in these genes showed increased 
sensitivity to ionizing radiation (reviewed by Symington, 2002).  These proteins include 
the products of the RAD50, RAD51, RAD52, RAD54, RAD55, RAD57, MRE11, and 
XRS2 genes (reviewed by Symington, 2002).  Since their identification, homologs of 
most of these proteins have been identified in mammals and Drosophila melanogaster. 
 Homologous DNA double strand break repair and meiotic recombination are 
closely linked, as both processes use a common set of enzymes that are responsible for 
recombinational repair of DSBs. While many of these proteins will be discussed in the 
context of meiotic recombination below, here we will provide a brief description of their 
role in the context of HR of DSBs induced by exogenous agents. 
 In order to repair DNA double strand breaks, the cell must first recognize the 
lesion and signal its presence to proteins responsible for repairing it.  Upon induction of 
DSBs either by endogenous or exogenous factors, the MRN complex (MRE11-RAD50-
NBS1) activates ATM and stimulates its kinase activity (Lee and Paull, 2004).  ATM is a 
member of the phosphatidylinositol 3-kinase-like family of serine/threonine protein 
kinases (PIKKs) (Kurz and Lees-Miller, 2004).  The importance of this protein in DNA 
repair is supported by the fact that humans carrying mutations in this gene are 
predisposed to cancer and the neurodegenerative syndrome ataxia-telangiectasia (A-T), 
and mice disrupted for this gene are infertile and highly sensitive to γ-irradiation (Barlow 
et al., 1996; Xu et al., 1996).  Similarly, the Drosophila Atm homolog was cloned and 
characterized in 2004, and was found to be required for overall genome stability, DNA 
damage repair, and telomere maintenance (Silva et al., 2004; Bi et al., 2004, Song et al. 
2004).   Following activation, ATM phosphorylates several downstream proteins that 
affect DNA repair, apoptosis, and cell cycle checkpoints (Kurz and Lees-Miller, 2004).  
In response to ionizing radiation, ATM phosphorylates the C-terminal tail of histone 
variant H2AX (reviewed by Jackson, 2002).  This phosphorylation is thought to recruit 
repair proteins, such as RAD50, NBS1, RAD51, BRCA1 and BRCA2, to sites of 
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damaged DNA (Paull et al., 2000, reviewed by Fernandez-Capetillo et al., 2004).  The 
recruitment of the MRN complex via γH2AX to sites of DSBs suggests this complex is 
involved in processing the broken ends to expose single stranded DNA (reviewed by 
Ting and Lee, 2004). However, the recruitment of MRN to DSBs is thought to occur 
subsequent to its activation of ATM (reviewed by Ting and Lee, 2004).  RAD51, with the 
aid of RAD52, RAD54, RAD55, RAD57, RPA and BRCA2, then coats the 3’single 
stranded overhangs and mediates invasion of a homologous undamaged DNA duplex by 
the 3’ end of the broken molecule (reviewed by Jackson, 2002).  Once the sequences are 
paired at areas of homology, DNA polymerase, which uses the undamaged partner 
molecule as a template, extends the 3’ end of the broken strand, and the ends are joined 
by DNA ligase (reviewed by Jackson, 2002) (Fig. 1).  This method of repair results in 
gene conversions and in the formation of double Holliday junctions (DHJ), which may 
subsequently be resolved as crossovers (reviewed by Jackson, 2002). 
Synthesis dependent strand annealing (SDSA) 
 SDSA is a form of homologous DNA repair that results in the formation of gene 
conversions not accompanied by crossovers.  Repair by this method is initiated in the 
same manner as DHJ, and is believed to require the same proteins for resection, strand 
invasion, repair synthesis, and ligation (reviewed by Symington, 2002).  In SDSA one or 
both of the 3’ single stranded tails can invade the template DNA independently.  
Following invasion, repair synthesis is initiated, using the undamaged partner as the 
template strand.  Extensive synthesis results in overlapping homology between the 
broken ends.  The invading strand is subsequently displaced and the broken ends re-
anneal (reviewed by Symington, 2002) (Fig. 2). A distinguishing feature of SDSA-
mediated gene conversion is that the repair template generally emerges unaltered, 
whereas both participating duplexes typically show changes as a result of DHJ-mediated 
recombination.  
P-elements are DNA-intermediate mobile elements that move via a cut-and paste-
mechanism (Gloor et al., 2000). Excision of these transposons generates a double strand 
break in the chromosome.  Repair of P-element induced DSBs in the germ line of 
Drosophila primarily proceeds via SDSA, which may involve several rounds of  
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Figure 1:  Model of double Holliday junction (DHJ) homologous recombination repair.  
The broken DNA molecule is represented in blue and the undamaged homologous partner 
strand is in black.  This pathway results in gene conversion that may be resolved as 
crossovers as depicted in the figure.  For a detailed description of each step see text.   
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Figure 2:  Model of synthesis dependent strand annealing.  The broken DNA molecule is 
represented in blue and the undamaged homologous partner is in black.  Repair by this 
pathway results in gene conversion events.  For a detailed description of each step see 
text.   
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sequential strand invasion and synthesis steps (McVey et al., 2004).  With each round of 
invasion and synthesis the broken end is extended by a few hundred base pairs, which 
suggests this process is not highly processive (McVey et al., 2004).  Repair products 
generated from this process are most frequently gene conversion events.  Gene 
conversion events can result from the replacement of the excised P-element with another 
P-element copied from the same site on the sister chromatid or exact loss of the P-
element if the corresponding site on the homolog lacks a P-element.  In addition, due to 
the low processivity of repair synthesis in this pathway, internally deleted P-elements can 
result.  This occurs when SDSA synthesis is incomplete and end joining must be used to 
complete repair of the broken ends (McVey et al., 2004).  All three of these repair 
products are found in wild type flies following excision of P-elements, however it is the 
absence of conversion of homologous templates that is the strongest evidence for the 
SDSA mechanism in the repair of these breaks. 
Single Strand Annealing (SSA) 
 Single strand annealing is another form of homologous repair that rejoins broken 
DNA ends by using homologous sequences present at the end of each side of the break.  
As with the previous two models, the broken ends are first resected to generate 3’ single 
stranded tails.  Once this resection has proceeded sufficiently to reveal complementary 
sequences, the two DNA ends are annealed.  Remaining single stranded tail overhangs 
are removed by nucleases and the ends are ligated together (reviewed by Symington, 
2002).  Protein requirements for this pathway are not as well defined as the previously 
discussed HR pathways, but genetic studies in yeast suggest that RAD59 is involved in 
resection of broken ends and RAD52 is involved in binding to broken ends (Ivanov et al., 
1996).  This pathway is restricted to DNA double strand breaks that occur in regions of 
repetitive sequences and often results in deletions between these sequences (Fig. 3). 
Nonhomologous End Joining (NHEJ) 
 NHEJ is the process by which the ends of a broken DNA molecule can be 
rejoined in the absence of homology.  As with the homology directed repair methods, 
NHEJ begins with processing of the broken ends, a procedure that is believed to involve 
the MRN complex.  However, unlike the HR pathways, processing does not involve 
extensive resection of broken ends.  Upon completion of processing, DNA-PKcs, as well  
 7
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Figure 3:  Model of single strand annealing.  The broken DNA molecule is represented in 
blue and the undamaged homologous strand is in black.  While this pathway involves 
homologous sequences, an undamaged homologous partner is not required for repair.  For 
a detailed description of each step see text. 
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as the Ku70/Ku80 heterodimer, bind to the ends of the broken molecule, thereby bridging 
the gap, and allowing religation by the XRCC4-LIG4 complex (reviewed by Jackson, 
2002). Competition between HR protein RAD52 and NHEJ protein Ku70 for the binding 
of broken ends is thought to determine which of these pathways is chosen for repair 
(reviewed by Jackson, 2002) (Fig. 4).  NHEJ is highly error prone and can lead to small  
insertions or deletions at the repair site.  Nevertheless, the importance of these proteins in 
DSB repair and development is evidenced by the phenotypes of mice carrying mutations 
in these genes.  Mice with targeted disruption of Ku80 show increased sensitivity to γ-
irradiation and chromosomal aberrations, attesting to its role in the repair of DSBs 
(reviewed in Jackson, 2002).  However, disruption of the Xrcc4 or DNA Lig4 genes in 
mice results in embryonic lethality, suggesting, in addition to repair of DSBs, these 
proteins are also involved in cell proliferation and development (reviewed in Jackson, 
2002).  In contrast, Drosophila DNA ligase IV mutants are viable and males and females 
are both fertile, however mutant flies do show an increased sensitivity to X-ray induced 
damage (Gorski et al., 2003). 
DNA damage and apoptosis  
 Eukaryotic cells possess several possible mechanisms by which to respond to 
DNA DSBs, many of which increase the likelihood of survival.  Similarly, cells of 
multicellular organisms can also respond to DSBs by undergoing programmed cell death.  
The mechanisms underlying the cellular decision to initiate programmed cell death are 
not well understood, but may be related to the efficiency of repair or the extent of the 
DNA damage.  One hypothesis suggests that repeated attempts to repair problematic 
DSBs results in elevated levels of ssDNA, which could trigger the switch from repair to 
death (Bree et al., 2004).  Failure to make the switch may result in surviving cells 
harboring chromosomal aberrations (deletions or rearrangements) that could lead to 
aneuploidy or tumor formation (Bree et al., 2004). 
 Programmed cell death, or apoptosis, involves the ordered disassembly and 
recycling of entire cells.  Characteristics of apoptosis include fragmentation of the DNA, 
condensation of chromatin, cell blebbing, and membrane instability, evidenced by 
externalization of phospholipid phosphatidylserine (PS) and staining of apoptotic nuclei  
 9
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Figure 4:  Model of nonhomologous end joining.  The damaged DNA molecule is 
represented in blue and the undamaged homologous partner is in black.  Repair by this 
pathway does not require homologous sequences, and often results in sequence deletions.  
For a detailed description of each step see text. 
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with dyes such as acridine orange and toluidine blue (Nakanishi and Shiratsuchi, 2004; 
Abrams et al., 1993).  Cells exhibiting these characteristics are quickly and efficiently 
eliminated via phagocytosis.  In testes of the mouse and rat, Sertoli cells serve as 
phagocytes, eliminating damaged cells before they can have a detrimental effect on 
surrounding cells (Nakanishi and Shiratsuchi, 2004). 
 The process of programmed cell death has been extensively studied in mouse and 
rat germ cells.  Apoptosis is an important aspect of normal control of spermatogenesis in 
both organisms, presumably ensuring in mammals that each Sertoli cell supports a 
predetermined number of germ cells (Print et al., 1998; Sinha Hikim and Swerdloff, 
1999; Print and Loveland, 2000; Yan et al., 2000; Russell et al., 2002).  In addition, germ 
cell death caused by deprivation of gonadotropins and intracellular testosterone has been 
shown to occur via apoptosis (Sinha Hikim et al., 1997, 1993).  Similarly, treatment of 
mouse and rat testicular cells with mild hyperthermia (43°C) results in the induction of 
apoptosis via a mitochondria-dependent pathway (Vera et al., 2004; Sinha Hikim et al., 
2003).  Also, treatment of germ cells with genotoxic chemicals such as etoposide and 
adriamcyin results in stage specific apoptosis (Sjoblom et al., 1998). 
 The mechanism of programmed cell death during Drosophila development has 
also been studied extensively.  Using vital dyes such as acridine orange and nile blue, 
researchers showed apoptosis is first seen in the Drosophila embryo approximately 7 
hours after fertilization and subsequently becomes widespread, affecting many different 
tissues of the embryo (Abrams et al., 1999).   Studies of larvae from mutant flies have 
revealed that during larval development, the ability to repair radiation damage is more 
important for survival than the ability to halt the cell cycle and eliminate cells via 
apoptosis, suggesting repair is more important than apoptosis at this stage of development 
(Jaklevic and Su, 2004). Interestingly, overexpression of DmRad51 (SPN-A) in 
Drosophila larvae resulted in apoptosis of the eye and wing imaginal discs, however, the 
role of this protein in apoptosis is still unclear (Yoo and McKee, 2004).  Experiments 
investigating the susceptibility of male meiotic cells to induced damage revealed that 
treatment of these cells with X-rays is followed by a period of sterility, but the 
mechanism of elimination of damaged cells was not examined (reviewed by 
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Sankaranarayanan and Sobels, 1976).  In addition, studies on spermatid individualization 
have revealed that this process is apoptosis-like in nature and requires the action of 
proteins also involved in the regulation of apoptosis in other cell systems, such as 
caspases and cytochrome c (Arama et al., 2003). 
 
Overview of Meiosis  
Meiosis is the process by which diploid germ cells divide to produce haploid 
gametes for sexual reproduction, and is a highly conserved process in eukaryotes.  
Meiotic cell division differs from somatic cell mitotic division in that germ cells undergo 
a single round of chromosomal replication followed by two rounds of divisions.  The first 
division (MI) is a reductional division – separation of homologous chromosomes - and 
the second division (MII) is an equational segregation – separation of sister chromatids – 
to yield haploid gametes.  Faithful completion of meiosis is essential for the propagation 
of species in all sexually reproducing organisms.  Errors in meiotic chromosome 
segregation contribute to genetic illness and infertility in humans, and, in fact, are the 
leading cause of spontaneous abortion (Hassold and Hunt, 2001). 
Prophase is the first stage of meiosis, during which several important changes in 
chromatin architecture take place.  It is during this phase that axes of homologous 
chromosomes align and become paired.  In the majority of organisms, this pairing is 
initiated with the induction of site-specific double strand breaks and is facilitated via 
proteinaceous structure termed the synaptonemal complex (SC) (reviewed by Cohen and 
Pollard, 2001).  The SC functions to keep homologous chromosomes aligned during the 
completion of meiotic recombination.  The disassembly of the SC, rapid condensation of 
chromosomes, breakdown of the nuclear envelope, and the formation of a bipolar spindle 
mark the end of prophase and the beginning of metaphase I.  Once these events occur and 
condensed chromosomes are arranged on the metaphase plate, anaphase I is initiated and 
homologous chromosomes are separated to opposite poles, forming two daughter cells.  
Bipolar spindles are once again formed, creating the metaphase plate, and chromosomes 
align on the metaphase plate for MII.  Following spindle formation and alignment, 
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anaphase II is initiated and, much as in mitosis, sister chromatids are separated.  This 
results in the formation of haploid gametes (reviewed by Stern, 1993) (Fig. 5).  
As mentioned above, in the majority of eukaryotic organisms, it is during 
prophase I that meiotic recombination takes place.  Recombination, or the formation of 
crossovers, ensures proper segregation of homologous chromosomes at MI, as well as 
providing genetic diversity.  Meiotic recombination involves the regulated introduction of  
double strand breaks into prophase chromatin (reviewed by Cohen and Pollard, 2001).  
Subsequent to the induction of DSBs, repair proteins localize to the damaged sites and 
process the breaks by homologous recombination to yield either crossovers or gene 
conversion events.  The visual manifestations of crossovers are referred to chiasmata.  
Chiasmata function to bind homologous chromosomes together until their separation at 
anaphase I (reviewed by Cohen and Pollard, 2001).  Homolog pairing in eukaryotic 
organisms can occur either with or without the formation of the SC and chiasmata, and 
thus in the presence or absence of meiotic recombination.  For example, homolog pairing 
in the female and male laboratory mouse involves the induction of double strand breaks 
(DSBs), formation of the SC, and the subsequent formation of chiasmata. Similarly this is 
also the case in Drosophila melanogaster female flies, however in this meiotic system, 
the formation of the SC precedes the induction of DSBs.  However, in Drosophila 
melanogaster male flies, meiosis is achiasmatic, and therefore proceeds in the absence of 
a detectable SC (Rasmussen, 1973), or the formation of crossovers (Morgan, 1912; Wolf, 
1994; Cooper, 1964).  
It is important to note here that before homologous chromosomes can synapse, 
they must first identify each other and initiate pairing.  The mechanism by which this 
occurs is not well understood in any organism.  One of the most popular models of 
chromosome pairing has been a DNA-level homology search mediated by RecA-like 
proteins (reviewed by McKee, 2004).  In many of these models, the initiation of pairing 
and recombination, and thus the requirement for RecA-like proteins, are presumed to be 
simultaneous.  However, it is also plausible that these proteins are required separately, at 
different times, for chromosome pairing and meiotic recombination.  The latter would 
have to be true in the case of Drosophila female meiosis, as recent studies have shown  
 13
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Figure 5:  Simplified model of meiosis. This image depicts replication and both divisions.  
Paternal homolog is in blue and the maternal homolog is in red. For a detailed description 
of meiosis, see text. 
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chromosome synapsis, and therefore pairing, are required before the induction of meiotic 
DSBs (Jang et al. 2003), and synapsis occurs in the absence of DSBs (McKim et al., 
1998). 
 
Spermatogenesis, chromosome pairing, and recombination in the male laboratory 
mouse 
Spermatogenesis and chromosome pairing 
Spermatogenesis can be divided into three distinct phases: proliferation, division, 
and differentiation.  The proliferation phase consists of the multiplication of 
spermatogonial stem cells by mitosis.  Spermatogonia differentiate into primary 
spermatocytes (reviewed by McCarrey, 1993).  These primary spermatocytes begin 
meiosis in prophase I as leptotene spermatocytes.  The leptotene stage is marked by the 
appearance of the axial elements of the synaptonemal complex along the sister 
chromatids (reviewed by Stern, 1993; Cohen and Pollard 2001).  It is at this stage that 
meiotic recombination is initiated, which will be discussed in detail below.  Leptonema is 
followed zygonema where the axial elements of the SC (now termed lateral elements) are 
joined by the transverse filaments of the SC in areas where homologous chromosomes 
are paired (reviewed by Stern, 1993; Cohen and Pollard 2001).  Zygonema progresses to 
pachynema, during which chromosome synapsis is completed, as evidenced by the 
presence of the SC along the entire lengths of the homologous chromosomes (reviewed 
by Stern, 1993; Cohen and Pollard, 2001) (Fig. 6).  The requirement for the synaptonemal 
complex proteins in the successful completion of meiotic prophase is supported by the 
phenotypes of mice mutant for two of these proteins.  Mice carrying a null mutation of 
the Sycp3 gene, encoding a component of the axial/lateral elements, are infertile.  
Specifically, spermatocytes arrest at the zygotene stage of prophase I and ultimately 
initiate apoptosis (reviewed by Baarends and Grootegoed, 2003).  Similarly, mice mutant 
for Sycp1, encoding a component of the transverse filaments, are infertile and 
spermatocytes arrest at the pachytene stage due to the inability to repair meiotic double 
strand breaks (de Vries et al., 2005).  
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Figure 6:  Synaptonemal complex formation in mouse spermatocytes.  Staining with anti-
SYPC3 antibody.  Panels from left to right: Leptotene, Zygotene, Early Pachytene, 
Pachytene, Diplotene, Metaphase I.  Image from Inselman et al., 2003. 
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Following pachynema, spermatocytes enter the diplotene stage where the SC 
disassembles and homologous chromosomes remain attached to one another at chiasmata 
until the onset of the first meiotic division.  Following the two meiotic divisions, the 
differentiation phase of spermatogenesis begins.  This phase, called spermiogenesis,  
results in transformation of the round spermatid into the complex structure of the 
spermatozoon (reviewed by Clermont et al., 1993). 
Recombination 
As mentioned previously, meiotic recombination in the male mouse begins during 
leptonema.  It is at this time that DNA double strand breaks are believed to be introduced 
by SPO11, a topoisomerase-like protein (reviewed by Cohen and Pollard, 2001; Paques 
and Haber, 1999).  The importance of the formation of DSBs to the progression of 
meiotic prophase is evidenced by the fact that the disruption of the Spo11 gene in the 
mouse leads to infertility (Baudat et al., 2000; Romanienko and Camerini-Otero, 2000).  
Spermatocytes in these mutants arrest at the pachytene stage and undergo apoptosis.  
These spermatocytes also show aberrant chromosome synapsis, suggesting SPO11 also 
plays a role in maintaining proper synapsis of homologous chromosomes (Baudat et al., 
2000; Romanienko and Camerini-Otero, 2000). 
These SPO11-induced DSBs trigger the phosphorylation of H2AX in leptotene 
spermatocytes (Mahadevaiah et al., 2001). This phosphorylation is present from leptotene 
through zygotene.  However, at pachytene it is restricted to the unsynapsed sex 
chromosomes (Mahadevaiah et al., 2001).  Histone H2AX is a member of the H2A 
histone subfamily that is involved in packaging DNA into nucleosomes.  Phosphorylation 
of histone H2A variants, H2AX (mammals) and H2Av (Drosophila), on the C-terminal 
SQ motif has been well documented as one of the earliest cellular responses to either 
meiotically-induced or exogenously-induced DNA DSBs (Rogakou et al., 1998; 
Fernandez-Capetillo et al., 2004; Hamer et al., 2003; Mahadevaiah et al., 2001; Paull et 
al., 2000; Jang et al., 2003; Madiagan et al., 2002).  Consequently, this phosphorylation is 
believed to recruit other repair proteins to the site of damage (Paull et al., 2000).  Male 
mice mutant for the H2ax gene are infertile due to spermatocyte arrest at the zygotene 
stage of prophase (Celeste et al., 2002). 
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Following the induction of DSBs, genetic studies in yeast suggest the broken 
DNA ends are resected to form 3’ single stranded overhangs, which are capable of 
invading the opposite homolog.  The nuclease responsible for this resection is currently 
unknown.  However it is believed that the MRN complex (MRE11-RAD50-NBS1) is 
either responsible or works in concert with other cellular enzymes to catalyze the 
resection (reviewed by Bannister and Schimenti, 2004; Cohen and Pollard, 2001).  The 
exact roles of MRE11 and RAD50 in meiosis are not known due to the fact that 
mutations in these genes are embryonic lethal (reviewed by Bannister and Schimenti, 
2004; Cohen and Pollard, 2001). 
Following resection of the broken ends, genetic and biochemical studies in yeast 
and immunolocalization studies in mice suggest that the RecA homolog RAD51 is loaded 
onto the 3’single stranded ends, and subsequently catalyzes the invasion of the broken 
strand into the undamaged homolog (reviewed by Bannister and Schimenti, 2004; Cohen 
and Pollard, 2001). This is considered one of the most important events in homologous 
recombination and is aided by the meiosis-specific RecA homolog DMC1.  
Determination of the exact role of RAD51 protein in meiosis has been hampered by the 
fact that deletion of this gene results in early embryonic lethality (Tsuzuki et al., 1996).  
Mice lacking DMC1 are infertile due to the absence of chromosome synapsis, indicating 
it plays an important role in this process (Pitmann et al., 1998; Yoshida et al., 1998).    
RAD51 staining is first seen in leptotene/zygotene spermatocytes (Moens et al., 1997).  
Staining initially appears as numerous bright foci distributed randomly throughout the 
nucleus (Moens et al., 1997).  Just prior to the initiation of synapsis, RAD51 foci become 
organized into linear arrays that colocalize with the axial/lateral elements of the 
chromosome cores (Moens et al., 1997).  RAD51 staining is present until homolog 
synapsis is completed in pachytene spermatocytes (Moens et al., 1997).  However several 
RAD51 foci remain on the unpaired X-chromosome throughout the pachytene stage 
(Moens et al., 1997).  DMC1 localization is essentially the same as that observed for 
RAD51; the two proteins form mixed foci along the SCs, and have been demonstrated to 
interact directly with one another in physical assays (Tarsounas et al., 1999). In mouse 
spermatocytes, RAD51 is thought to localize to sites of early recombination nodules, 
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supporting its role in interhomolog interactions (Moens et al., 1997; Plug et al., 1998). 
Recombination nodules are believed to identify sites of meiotic DSBs and are identified 
by immunolocalization of proteins involved in the processing of recombinant structures 
(Cohen and Pollard, 2001). The number of early recombination nodules exceeds the 
number of crossovers, and it is generally thought that many of the DSBs, or early 
recombination nodules, are resolved as gene conversion events rather than as reciprocal 
recombination events (Moens et al., 1997).   Late recombination nodules, believed to be 
crossover events, are most frequently identified by the presence of mismatch repair 
protein MLH1; however the exact role of MLH1 in meiosis is not clear (Plug et al., 
1996).  Complete repair of meiotic DSBs is thought to be necessary for prophase 
spermatocytes to progress to metaphase I (Richardson et al., 2004). 
DNA Damage Studies 
 Several in vivo studies have assessed the testicular effects of ionizing radiation 
induced DNA double strand breaks on mouse spermatogenesis (West and Lahdetie, 1997; 
Hasegawa et al., 1998; Embree-Ku et al., 2002; Cordelli et al., 2003; Hamer et al., 2003; 
Forand et al., 2004).  Results of these studies revealed that proliferating spermatogonia 
are highly sensitive to irradiation-induced damage, while spermatocytes and spermatids 
are fairly resistant (Hamer et al., 2003), implying efficient repair mechanisms in these 
cells.  Consequences of ionizing radiation-induced damage during spermatogenesis 
include phosphorylation of H2AX (Hamer et al., 2003; Forand et al., 2004), and 
induction of apoptosis, which in spermatogonia is dependent on p53 (Beumer et al., 1998; 
Hasegawa et al., 1998; Embree-Ku et al., 2002; Hamer et al., 2003).  In contrast, 
prophase spermatocytes respond to irradiation by increasing the expression of cell cycle 
regulators p21(Cip1/Waf1) and p53 (Sjoblom and Lahdetie, 1996; Beumer et al., 1997), 
implying initiation of a repair response rather than the induction of apoptosis. 
 Additional studies have examined the testicular effects of chemically induced 
double strand breaks.  The most common chemical used in these studies is etoposide, a 
topoisomerase II inhibitor.  Type II topoisomerases function to remove torsional stress 
and resolve interlocks in the DNA by creating double strand breaks and subsequently 
passing a DNA duplex through the gap.  The action of this enzyme is required for many 
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cellular processes, including chromosome decatenation, anaphase segregation of 
chromosomes, and transcriptional activation (Cortes et al. 2003; Ju et al. 2006).  
Etoposide is an epipodophylotoxin commonly used in cancer chemotherapy that traps 
topoisomerase, after it has bound to the DNA and created DSBs, in a “cleavable 
complex” consisting of topoisomeraseII-etoposide-DNA.  This inhibitory complex 
remains on the broken ends of the DNA, preventing religation by topoisomerase, thereby 
resulting in persistent unligated DSBs.  In vivo exposure of pachytene spermatocytes to 
etoposide results in chromosomal structural alterations and aneuploidy in offspring, due 
to meiotic nondisjunction (Russell et al. 1998, 2000; Marchetti et al. 2001; Attia et al. 
2002).  The mechanism leading to nondisjunction is not yet clear, but it could be due to 
disruption of recombination intermediates present at the time of treatment (Russell et al. 
2000).  Etoposide was also shown to be a potent stimulator of apoptosis in rat germ cells, 
with spermatogonia and prophase spermatocytes being the most sensitive to killing 
(Sjoblom et al. 1998).  While many studies have assessed the in vivo responses to 
induced damage, very few have examined the in vitro effect, which is why we were 
interested in investigating this response, in order to determine if DSB repair is a germ cell 
autonomous response.  Our results are discussed in Part II of this dissertation. 
 
Overview of spermatogenesis in Drosophila melanogaster 
Spermatogenesis in Drosophila begins with the unequal division of a single apical 
stem cell into another stem cell and a primary spermatogonial cell.  Four spermatogonial 
divisions produce a cyst containing 16 interconnected primary spermatocytes.  Primary 
spermatocytes enter a growth phase that lasts approximately 90 hours before they enter 
meiosis.  During this period they are actively transcribing genes required for 
spermiogenesis and undergo an approximate 25-fold increase in volume (Cenci et al., 
1994).  Traditionally, this growth phase is considered meiotic prophase. Spermatocytes in 
this growth phase are divided in substages S1-S6, defined by the size of the nucleus and 
chromatin architecture (Cenci et al., 1994). Upon the completion of prophase, 
chromosomes condense very rapidly at prometaphase I in preparation for the onset of MI 
(Cenci et al., 1994).  Following two meiotic divisions, and a series of dramatic 
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morphological changes, the resulting cyst is composed of 64 interconnected elongated 
spermatids (Cenci et al., 1994).  Current knowledge of Drosophila homolog pairing and a 
more detailed discussion of Drosophila spermatogenesis will be provided in Part III of 
this dissertation. 
Homologous recombination and Drosophila  
While the specific pairing mechanisms of Drosophila male chromosomes are still 
under investigation, previous studies showing an absence of crossovers on paternal 
chromosomes in Drosophila crosses suggest that meiotic recombination is not involved 
(Morgan, 1912; Wolf, 1994).  This is supported by recent studies implying that the 
meiotic pairing mechanism in males is independent of the homologous recombination 
pathway (McKee et al., 2000; Yoo and McKee, 2005).  In contrast, HR proteins are 
believed to be involved in female meiosis because of the increase in X-X nondisjunction 
and decrease in meiotic recombination in HR mutants (Ghabrial et al. 1998; Abdu et al. 
2003).  Mutations in the majority of the HR genes were identified as maternal-effect 
mutants due to the spindle-like appearance of eggs deposited by homozygous mutant 
females (Morris and Lehmann, 1999).  This phenotype was subsequently found to be the 
result of decreased levels of the morphogen Gurken, a TGFα-like signaling molecule, 
which is involved in egg patterning and embryo polarity (Ghabrial, et al. 1998).   In 
addition to this patterning defect, many mutants also show defects in oocyte nuclear 
morphology (Ghabrial et al., 1998; Staeva-Vieira et al., 2003).  Sterility of spindle-A 
females and sub-fertility of spindle-B, spindle-D, and okra mutant females was 
subsequently found to be due to the activation of a meiotic checkpoint due to unrepaired 
DSBs during oogenesis, which consequently affects Gurken translation (Ghabrial and 
Schupbach, 1999; Abdu et al., 2003; Staeva-Vieira et al., 2003).  The spindle phenotype 
in these mutants was suppressed by a mutation in the Drosophila Spo11 homolog, mei-
W68, presumably because meiotic recombination is eliminated in these mutants, due to a 
defect in DSB formation, and therefore the meiotic checkpoint is not activated (McKim, 
1998).  Homologous recombination proteins encoded by the spindle genes include the 
Drosophila Rad51 homolog (spnA) (Staeva-Vieira et al., 2003), Xrcc3 (spnB) (Ghabrial 
et al., 1998), Rad51C (spnD) (Abdu et al., 2003), and the Drosophila Rad54 homolog 
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(okra) (Ghabrial et al., 1998).  The proteins encoded by spnB and spnD are believed to be 
RAD51-like proteins and are homologous to previously identified mammalian RAD51 
paralogs XRCC3 and RAD51C and to the yeast RAD51-like proteins RAD55 and 
RAD57 (reviewed by Blanton and Sekelsky, 2004).   
DNA damage studies 
As opposed to mutations in mammalian HR genes, null mutations in the spindle 
class genes are compatible with survival, suggesting none of them are required for normal 
cell viability.  In addition to their roles in repairing meiotic DSBs, SPN-A, SPN-B, and 
OKRA also function in HR repair of DSBs in somatic cells, as evidenced by the 
increased sensitivity of mutant larvae to methyl methanesulfonate (MMS) and ionizing 
radiation (Yoo and McKee, 2005, Staeva-Vieira et al., 2003; Kooistra et al., 1997).  
Moreover, based on dosage experiments, the efficiency of the repair of MMS and X-ray 
induced DSBs appears to be proportional to the amount of spnA present (Yoo and 
McKee, 2005).  In contrast, SPN-D has been shown to function solely in meiotic 
recombination (Abdu et al., 2003). 
Several studies have investigated the repair responses of Drosophila somatic 
cells, but very few have researched these same responses in male germ cells.  Early 
genetic studies performed in the 1950s and 1960s suggest that meiotic cells and early 
spermatids are highly sensitive to X-ray induced damage, as measured by dominant 
lethality (mortality of F1 zygotes) and chromosome loss, while spermatogonia are fairly 
resistant, implying efficient repair mechanisms in these cells (reviewed by 
Sankaranarayanan and Sobels, 1976).  Furthermore, these experiments demonstrated that 
X-ray induced damage in mature sperm is not repaired until fertilization and that the 
quality of repair depends on the repair efficiency of the female (reviewed by 
Sankaranarayanan and Sobels, 1976).   
More recent studies have investigated the method of repair used in premeiotic 
germ cells of male flies in response to P-element excision induced DSBs.  Excision of P-
elements results in the formation of 17-nt 3’ single-stranded ends that are most 
commonly repaired by SDSA, which requires SPN-A for strand invasion, and BLM, a 
RecQ helicase, for efficient repair synthesis (McVey et al., 2004; Adams et al., 2003).  
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OKRA is also thought to be involved in the repair of P-element induced DSBs (Kooistra 
et al. 1999).   
One published experiment examined the activity of poly(ADP-ribose) polymerase 
in dissected testes following treatment with γ-irradiation.  Lankenau et al. (1999) detected 
a dose-dependent increase of PARP activity in spermatogonia, primary spermatocytes, 
and postmeiotic stages of in vitro treated testes.  However, there are no published studies 
on chromatin modifications of prophase spermatocytes following in vivo induction of 
DSBs.  Therefore we sought to investigate the response of late prophase spermatocytes to 
induced DNA damage in an effort to bridge this gap in our knowledge.  The results of our 
study are presented in part III of this dissertation. 
 
Summary of the gaps in our knowledge 
 As discussed in detail above, very little is known about the ability of late prophase 
spermatocytes to respond to exogenously induced DNA damage.  During this stage of 
meiosis, spermatocytes are preparing to enter the division phase, which requires rapid 
condensation of chromatin.  This process is believed to require intact (unbroken) DNA, 
thus the induction of DSBs in late prophase spermatocytes is potentially detrimental to 
the progress of the cell cycle, particularly if these breaks are not repaired.  How, then, do 
late prophase spermatocytes deal with induced DSBs?  We know that mouse 
spermatocytes irradiated in vivo respond by phosphorylating H2AX, however the 
responding repair proteins are currently unknown.  Also, as previous experiments were 
performed in vivo, it is currently unknown if the initiation of a repair response is germ 
cell autonomous, or if it requires mouse spermatocytes to be in close contact with Sertoli 
cells.  With Drosophila spermatocytes we know that they respond to treatment with high 
doses of irradiation by activating PARP.  However, as the exact role of PARP in DSB 
repair is still under investigation, and its proposed role in apoptosis, these results are 
difficult to interpret.  Therefore the method by which late prophase Drosophila 
spermatocytes recognize DSBs is currently unknown.  Do they phosphorylate H2Av, as is 
the case with mouse spermatocytes?  Also, other than PARP, no other repair proteins 
have been localized to Drosophila spermatocyte chromatin following the induction of 
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DSBs.  Thus the ability of late prophase Drosophila spermatocytes to recognize and 
repair induced DSBs is also currently unknown.  The experiments discussed in this 
dissertation were undertaken in an effort to bridge these gaps in our knowledge, and 
hopefully obtain a more through understanding of the method by which male germ cells, 
particularly those in late prophase, respond to exogenously induced DNA damage. 
 
Overview 
The overall purpose of this study was to examine the DNA damage response of 
spermatocytes in two species: the laboratory mouse and Drosophila melanogaster.  As 
discussed earlier, spermatogenesis in these two organisms proceeds through the same 
basic steps: proliferation, division, and differentiation. However, the division phase in 
these two organisms involves several key differences.  These differences reside primarily 
within prophase I of the division phase.  Due to this we investigated the DNA damage 
response of late prophase spermatocytes in the laboratory mouse (pachytene 
spermatocytes) and Drosophila melanogaster (S5 and S6 spermatocytes).  
 While mouse spermatocytes are capable of responding to meiotically induced 
DSBs, very little is known about how they respond to DSBs induced after recombination-
related DSBs are recognized and repair processes are progressing.  Are they capable of 
re-recruiting the HR proteins to chromatin damage by either etoposide or γ-irradiation, or 
do they initiate apoptosis?  These questions are addressed, as well as the requirement for 
intact (unbroken DNA) in the prophase to metaphase transition, in part II of this 
dissertation 
Due the lack of meiotic recombination during prophase of Drosophila 
spermatogenesis, and the low level of expression of many HR proteins in Drosophila 
testes, we were interested in determining how these spermatocytes recognize and respond 
to DSBs induced exogenously with either methyl methanesulfonate (MMS) or γ-
irradiation.  In addition, we asked if the presence of these DSBs results in the initiation of 
apoptosis. Results of these experiments are discussed in Part III of this dissertation.   
Part IV of this dissertation includes a discussion of the repair capabilities of late 
prophase spermatocytes of the laboratory mouse vs. Drosophila melanogaster.  In 
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addition, part IV includes overall project conclusions, discussion of additional 
experiments and the future direction of the project. 
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Chapter 1-Introduction 
 
Spermatocyte Responses In Vitro to Induced DNA Damage 
 
This chapter is a version of a paper by the same name published in the journal Molecular 
Reproduction and Development in 2006 by Shannon Matulis and Mary Ann Handel: 
 
Matulis S, Handel MA. 2006. Spermatocyte responses in vitro to induced DNA damage. 
Molecular Reproduction and Development 73: 1061-1072. 
 
My primary contributions to this paper include (1) performing all experiments, (2)  
collecting and analyzing data, (3) capturing of images, and (4) most of the  
writing. 
 
 
 In the course of meiosis, male germ cells sustain a large number of DNA double-
strand breaks (DSBs), most likely created by the enzyme SPO11 (Baudat et al., 2000; 
Romanienko and Camerini-Otero, 2000).  Meiotically induced DSBs, unlike those in 
mitotic cells, are seemingly not recognized as the genomic “damage” that typically, in 
mitotically proliferating cells, causes arrest the cell cycle or propels the cell toward an 
apoptotic death in order to avoid irreparable chromosome damage or rearrangements.  
Instead, proteins assemble at the sites of DSBs, and process them by homologous 
recombination (HR) pathways using non-sister chromatids to yield either gene conversion 
or crossover events.  The number of DSBs is in vast excess to the number of crossovers 
(Moens et al., 1997), and it is generally thought that many of the DSBs are resolved as 
gene conversion events rather than as reciprocal recombination.  Presumed location of 
meiotic DSBs are typically visualized by immunocytology as sites of foci of RAD51, the 
functional homolog of the bacterial RecA strand transfer enzyme (Ashley et al., 1995; 
Moens et al., 1997; Plug et al., 1998; Plug et al., 1996; Tarsounas and Moens, 2001; 
Tarsounas et al., 1999), and modification of surrounding chromatin by phosphorylation of 
histone H2AX (also known as H2AFX, histone H2A family member X) to form γH2AX 
(Mahadevaiah et al., 2001).  The γH2AX is believed to play essential roles in recruiting 
and/or tethering DNA repair proteins (Fernandez-Capetillo et al., 2004).  These protein 
signatures of DSBs, however, disappear from autosomal chromatin by mid-pachynema 
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(Baarends and Grootegoed, 2003; Cohen and Pollard, 2001; Inselman et al., 2003; 
Tarsounas and Moens, 2001), suggesting that at this time, the DSBs have been resolved 
and other HR intermediates are present.  In marked contrast to the autosomal chromatin, 
these modifications persist in the sex chromosome chromatin forming the XY body 
throughout meiotic prophase (Handel, 2004). 
In addition to meiotic HR-related DSBs, germ cells are also subject to induced 
DNA strand breakage, for example, by ionizing radiation, reactive oxygen species or 
environmental chemicals (such as chemotherapeutic agents).  The fate of ectopic (non-
meiotic) DSBs induced in spermatocytes at the mid-pachytene stage (or later) is not 
known.  Are these DSBs repaired in the absence of Sertoli cells, and if so, how?  Repair 
of DSBs in mammalian cells is thought to occur by either of two mechanisms: HR, which 
utilizes a DNA molecule with homology to the damaged region as a template for repair, 
or non-homologous end joining (NHEJ), which operates by direct ligation of two broken 
DNA ends and is intrinsically error-prone (Bassing and Alt, 2004).  In mitotically 
proliferating somatic cells, HR, using a sister chromatid, is a prominent DSB repair 
mechanism.  Mutational loss of proteins required for mitotic HR frequently causes 
embryonic lethality (Khanna and Jackson, 2001; Pierce et al., 2001; van Gent et al., 
2001).  NHEJ, although error-prone, is also an important path for DSB repair in 
mammalian somatic cells (Lieber et al., 2003).  Mutational loss of key known proteins in 
the NHEJ path, such as XRCC6 (more commonly known as KU70), XRCC4, XRCC5 
(also known as KU80), PRKDC (the DNA protein kinase, catalytic subunit) or LIG4 
(DNA ligase IV) can cause pathological effects (Lieber et al., 2003; Mills et al., 2004; 
Pierce et al., 2001; van Gent et al., 2001) or embryonic lethality (Barnes et al., 1998; 
Frank et al., 1998; Gao et al., 1998). 
In experimental analyses, DSBs have been most frequently induced in male germ 
cells by treatment with either ionizing irradiation or inhibitors of topoisomerase II 
(TOP2), such as etoposide.  Type II topoisomerases function to remove torsional stress in 
the DNA by creating DSBs and subsequently passing a DNA duplex through the gap 
(Cortes et al., 2003).  Etoposide (VM-16) is an epipodophylotoxin commonly used in 
cancer chemotherapy that traps topoisomerase, after it has bound to the DNA substrate 
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and created DSBs, in the so-called “cleavable complex” consisting of TOP2-etoposide-
DNA.  The protein-inhibitor complex remains on the broken ends of the DNA, 
preventing religation by topoisomerase, thus resulting in persistent un-ligated DSBs.  
Etoposide exposure of pachytene spermatocytes causes chromosomal structural 
alterations and aneuploidy resulting from meiotic non-disjunction (Attia et al., 2002; 
Marchetti et al., 2001; Russell et al., 2000; Russell et al., 1998).  The mechanism of 
aneuploidy is not yet clear, but it could be due to disruption of recombination 
intermediates present at the time of treatment (Russell et al., 2000).  These results present 
a clinical concern that male patients receiving etoposide as a cancer treatment are at a 
higher risk for abnormal reproductive outcomes.  However, one main concern with these 
studies is that it is difficult to know if gametic aneuploidy from treated spermatocytes is 
indeed due to the induction of double strand breaks, or due to the inhibition of 
topoisomerase function. 
Several studies have assessed the testicular effects of irradiation-induced DSBs in 
spermatogenesis in vivo (Cordelli et al., 2003; Embree-Ku et al., 2002; Forand et al., 
2004; Hamer et al., 2003a; Hamer et al., 2003b; Hasegawa et al., 1998; West and 
Lahdetie, 1997) and in vitro (Coogan and Rosenblum, 1988).  From these studies, it is 
evident that mitotically proliferating spermatogonia are most sensitive to ionizing 
radiation-induced damage, whereas spermatocytes and spermatids are more resistant 
(Hamer et al., 2003a), implying efficient repair mechanisms in these cells.  The 
consequences of irradiation-induced DNA damage in germ cells include assembly of foci 
of γH2AX (Forand et al., 2004; Hamer et al., 2003b) and apoptosis, which in 
spermatogonia is dependent on TRP53 (commonly designated p53) (Beumer et al., 1998; 
Embree-Ku et al., 2002; Hamer et al., 2003b; Hasegawa et al., 1998). 
The purpose of the present study was to examine chromatin modifications and 
possible checkpoint-mediated effects on cell cycle progress following induction of DSBs 
in isolated pachytene spermatocytes, in the absence of signaling from Sertoli cells.  
Sertoli cells serve a crucial nurturing role for germ cells and are believed to help 
coordinate important events of spermatogenesis.  However, unlike previous studies, we 
investigate the damage response in germ cells without the influences of Sertoli cells.  
 36
DSBs were introduced by exposure of spermatocytes to either ionizing irradiation or 
etoposide.  Competence to advance through meiotic prophase (G2) and enter meiotic 
metaphase I (the G2/MI transition) after DNA damage was experimentally determined by 
testing ability of treated late prophase spermatocytes to condense metaphase 
chromosomes following treatment with okadaic acid (OA) (Cobb et al., 1999; Handel et 
al., 1995; Wiltshire et al., 1995). Treatment of pachytene spermatocytes with OA induces 
desynapsis and condensation of paired chromosomes similar to that seen in vivo.   
Isolated pachytene spermatocytes with induced DNA damage undergo typical 
modifications to chromatin, are inhibited in prophase progress (G2/MI transition), and 
show apoptosis responses that are dependent on the agent inducing DNA damage. 
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Chapter 2-Materials and Methods 
Animals 
All experiments were performed with Hsd:ICR adult male mice (Harlan, 
Indianapolis, IN) or C57BL/6JxSJL F1 adult male mice from a colony maintained by the 
investigator; observed spermatocyte responses to induced DNA damage were the same in 
both genetic backgrounds.  Both were maintained under standard conditions at either the 
University of Tennessee or The Jackson Laboratory.  Mice were killed by CO2 gas and 
subsequent cervical dislocation.  Testes were removed and used as the source of germ 
cells.  All conditions and procedures were approved by the respective institutional 
Animal Care and Use Committees at the University of Tennessee and The Jackson 
Laboratory. 
 
Germ Cell Enrichment and Culture 
To obtain enriched germ cells, testes were detunicated, digested in 0.5 mg/ml 
collagenase (Sigma, St. Louis, MO) in Krebs-Ringer bicarbonate (KRB) at 32°C for 20 
minutes, then digested with 0.5 mg/ml of trypsin (Sigma) in KRB at 32°C for 13 minutes.  
Germ cells were subsequently liberated by pipeting for three minutes, filtered through 80 
μM mesh, and washed three times in KRB/0.5% bovine serum albumin (BSA).  For 
isolation of pachytene spermatocytes, enriched germ cells were sedimented at unit gravity 
through a 2-4% BSA gradient generated in a medium-size STA-PUT chamber 
(Proscience, Ontario, Canada).  The gradient was produced over a period of 2.5 hrs and 
10 ml fractions subsequently collected (10 ml/44 sec).  Fractions containing pachytene 
spermatocytes were identified by light microscopy using Nomarski optics.  Pachytene 
fractions with purity greater than 80% were pooled, counted, collected by centrifugation 
and resuspended in a volume of MEMα (Sigma) to obtain 2.5 x 106 cells/ml.  The 
contaminating cells in the enriched pachytene fractions were primarily symplasts 
containing round spermatid nuclei, although some Sertoli cells were also present.  
However, there was no evidence from microscopy that these ever associated with the 
isolated pachytene spermatocytes in the suspension cultures. 
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Cells (2.5 x 106 cells/ml) were cultured in 4-well Nunclon dishes overnight at 
32°C in a humidified environment of 5% CO2.  Following the overnight culture, cell 
viability was assessed using trypan blue dye exclusion and cells were treated with 
appropriate DNA damaging agent: etoposide (from 5 mM stock in DMSO) or solvent for 
six hours or γ-irradiation (5, 10, 20 or 60 Gy).  Cells to be irradiated and relevant controls 
were transported under 5% CO2 in microfuge tubes on ice to a 137 Cs irradiator (J.L. 
Sheperd & Associates).  Samples in a chilled rack were irradiated at a dose rate of 5.2 
Gy/min.  Following irradiation, cells were returned to culture at 32°C. Samples were 
subsequently collected and subjected to cytological preparations for fluorescent antibody 
studies or apoptosis analysis. 
Cells used in the heat treatments were cultured in the above media overnight at 
32°C with 5% CO2 and then during the last hour of the etoposide treatment, were moved 
to 43°C with 5% CO2 for 30 min.  Following the 30 min heat treatment, cells were 
returned to 32°C for the remainder of the etoposide treatment, approximately 30 min.   
For analysis of competence to undergo a precocious G2/MI, spermatocytes were 
treated with 5 µM OA (Calbiochem, San Diego, CA), dissolved at 244 µM in 100% 
ethanol, for 3 hrs either 30 min or 6 hrs post irradiation (Cobb et al., 1999; Handel et al., 
1995; Wiltshire et al., 1995). 
 
Cytological Methods 
Cultured cells were collected by centrifugation, washed twice in 2.2% sodium 
citrate, and processed by a modification of the Evans method (Evans et al. 1964; 
Wiltshire et al. 1995) to produce air-dried meiotic chromosomes for analysis of meiotic 
prophase substages.  Slides were stained with Gurr Giemsa in phosphate buffer 
(Bio/medical Specialties, Santa Monica, CA).  Stages in the progress of cells from 
pachytene to MI were scored by light microscopy using classical cytogenetic criteria. 
Fifty µl of the above cell samples to be used for fluorescent antibody studies were 
centrifuged at 5000 rpm for 5 min and resuspended in 2% paraformaldehyde with 0.4% 
Photoflo.  Aliquots of 2 µl were spread in wells of 12-well Shandon slides (Shandon 
Lippshaw, Pittsburgh PA).  Cells were air dried and then processed through 2% 
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PFA/0.03% SDS, 2% PFA, and 0.4% Photoflo.  After air drying, slides were washed 3X 
in wash/blocking buffer with 0.3% BSA and 1% goat serum in PBS (the second wash 
also contained 0.05% Triton X-100 (Sigma)).  Slides were subsequently dried between 
wells before addition of appropriate antibody combinations in 3% BSA, 10% goat serum 
in PBS, followed by overnight incubation at room temperature in a humidified chamber.  
After this exposure to primary antibodies, slides were washed as above and incubated 
with secondary antibodies for 2.5 hrs at room temperature in the dark.  Slides were then 
passed through three washes of PBS/0.2% Photoflo, PBS/0.05% Triton, and finally 
H2O/0.2% Photoflo.  Slides were air dried and mounted with Prolong Antifade containing 
DAPI (Molecular Probes, Eugene, OR). Antibodies used to label surface-spread 
chromatin preparations were SYCP3 antiserum at a 1:1000 dilution (Eaker et al., 2001), 
anti-γH2AX (Upstate Biotechnology) at a 1:500 dilution, anti-RAD51 (Calbiochem) at a 
1:100 dilution and anti-phosphorylated histone H3 (Upstate Biotechnology) at a 1:100 
dilution.  Appropriate secondary antibodies used were tagged with Alexa Fluor 488 and 
568 (Molecular Probes).  Immunolocalization was observed with an Olympus 
epifluorescence microscope and cells were scored at the microscope for antibody labeling 
patterns.  Representative images were captured to Adobe Photoshop using a Hamamatsu 
color 3CCD camera. 
 
Apoptosis Detection 
Following treatment, 400 µl of cells from each treatment were added to 600 µl of 
fresh media to obtain a cell suspension at 1 x 106 cells/ml.  500 µl of this cell suspension 
was then analyzed using an annexin V-FITC apoptosis detection kit (Oncogene).  The 
RAPID Annexin V Binding protocol provided in the kit instructions was used and 
binding was assessed using fluorescence microscopy.  Annexin V-FITC binds to the 
membrane of both early and late apoptotic cells.  Staining with propidium iodide (PI) 
allows these two stages to be distinguished, as PI stains nuclei of cells in late apoptosis, 
when membranes are permeable to the stain.  Thus late apoptotic cells are Annexin V-
FITC and PI-positive, while early apoptotic cells are positive for Annexin V-FITC only. 
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Chapter 3-Results 
After DNA damage, spermatocyte chromatin is modified by assembly of γH2AX and 
RAD51  
Modification of chromatin by both γH2AX and RAD51 is a hallmark of the 
cellular response to induced DNA damage.  After exposure to either etoposide or γ-
irradiation in vitro, isolated spermatocytes were examined by immunofluorescence with 
antibodies recognizing γH2AX and RAD51 to follow the chromatin modification.  The in 
vitro protocol allows assessment of the immediate and acute response (in the absence of 
Sertoli cells), not easily possible following treatment in vivo.  Because histone H2AX is 
an abundant component of chromatin and its phosphorylation occurs in megabase regions 
of chromatin surrounding DSBs (Paull et al., 2000; Rogakou et al., 1999), this response 
of isolated spermatocytes to induced DNA damage was determined first.  Fig. 1 
represents imaging of γH2AX after etoposide (Fig. 1 D and F) and γ-irradiation (Fig. 1 J 
and L).  Normally in pachytene spermatocytes, γH2AX is restricted to the unpaired sex 
chromosomes (Mahadevaiah et al., 2001), and consistent with these previous 
observations, the untreated spermatocytes were labeled by anti-γH2AX only over the sex 
chromatin (Fig. 1B, H).  Following exposure of spermatocytes to low doses of etoposide 
or γ-irradiation, γH2AX was detected as focal clusters over autosomal chromatin (Fig. 
1D, J).  Exposure to higher doses of etoposide or γ-irradiation resulted in global staining 
throughout the chromatin (Fig. 1F, L).  However, spermatocytes with global γH2AX 
staining were seen more frequently following etoposide treatment than following γ-
irradiation.  With increase in the dose of etoposide, both the amount of antibody labeling 
within nuclei and the frequency of spermatocytes fully labeled by the antibody to γH2AX 
increased, but no clear pattern of dose response was observed in irradiated spermatocytes. 
A hallmark of damaged DNA is modification of surrounding chromatin by 
recruitment of RAD51 complexes.  Fig. 2 presents imaging of foci of RAD51 after 
etoposide (Fig. 2D) and γ-irradiation (Fig. 2H) treatments.  In normal mouse 
spermatocytes, RAD51 foci are visualized on autosomal chromosomal cores prior to 
synapsis that disappear by mid-pachynema, although some foci remain on the unpaired X 
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Figure 1:  γH2AX modifies spermatocyte chromatin after etoposide-induced DNA 
damage.  The top panels (A-F) presents images from analysis of etoposide-treated 
spermatocytes, and the bottom panels (G-L) presents images from analysis of irradiated 
spermatocytes.   Control (panels A and B) pachytene spermatocytes, and spermatocytes 
exposed to 1 µM (panels C and D) or 40 µM (panels E and F) etoposide.  Control (panels 
G and H) pachytene spermatocytes, and spermatocytes exposed to 5 Gy (panels I and J) 
or 60 Gy (panels K and L) γ-irradiation.  All spermatocytes were double labeled with 
antibodies against SYCP3 (red, panels A, C, E, G, I, K) and γH2AX (green, panels B, D, 
F, H, J, L).  Bar = 10 µM.   
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Figure 2:  Foci of RAD51 modify spermatocyte chromatin following induced DNA 
damage. The top panel (A-D) presents images from analysis of spermatocytes treated 
with etoposide, and the bottom panel (E-H) presents images from analysis of irradiated 
spermatocytes. Untreated control (panels A and B) pachytene spermatocytes and 
spermatocytes treated with 40µM etoposide for 6 hr. (panels C and D).  Untreated control 
(panels E and F) pachytene spermatocytes and spermatocytes 6 hr after exposure to 60 
Gy γ-irradiation (panels G and H).  All spermatocytes were double labeled with 
antibodies against SYCP3 (red; panels A, C, E, G) and RAD51 (green; panels B, D, F, 
H).  Bar = 10 µM. 
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chromosome (Moens et al., 1997).  Consistent with these observations, untreated control 
spermatocytes exhibited localization of RAD51 foci on the unpaired X chromosome, but 
at very low intensity, and occasionally a few foci (also low fluorescence intensity) in the 
autosomal chromatin (Fig. 2B).  In contrast, many more foci, with greater fluorescence 
intensity, were observed on the chromatin of spermatocytes exposed to etoposide (Fig. 
2D) or γ-irradiation (Fig. 2H); after etoposide treatment the RAD51 foci concentrated 
primarily on the chromosome cores, identified by anti-SYCP3 labeling (Fig. 2C and D), 
while after irradiation, RAD51 foci were observed throughout the chromatin and cores 
(Fig. 2G and H).  Categorization of treated cells by relative number of RAD51 foci 
revealed that modification of chromatin by RAD51 occurred in a treatment dose-
dependent manner (Fig. 3).  After 6 hr exposure to etoposide, the frequency of 
spermatocytes with greater than 10 foci per nucleus varied in a dose-dependent manner 
(Fig. 3A), and the presence of RAD51 foci 6 hrs after introduction of etoposide suggests 
persistence of unligated DSBs.  Likewise, accumulation of RAD51 foci on chromatin of 
γ-irradiated spermatocytes was detected in a dose-dependent response 30 min after 5 Gy 
to 60 Gy irradiation (Fig. 3B), although the dose response was not readily detected by 6 
hrs following irradiation (data not shown).  Thus, either etoposide at a concentration as 
low as 1 µM or as little as 10 Gy of γ-irradiation is sufficient to induce more than 10 
RAD51 foci in approximately 50% of the treated spermatocytes; and, indeed, all of the 
treated spermatocytes exhibited more RAD51 labeling than did untreated spermatocytes.  
As RAD51 is known to be recruited to sites of DNA DSBs, these results corroborate the 
analysis of modification by γH2AX in indicating that both etoposide and γ-irradiation 
induce DSBs in pachytene spermatocytes treated in vitro. 
 
DNA damage impedes induced progress of pachytene spermatocytes to MI 
 Presence of DNA DSBs in mitotic G2 cells arrests progress of the cell cycle, 
delaying exit from G2 to M-phase until after repair of the DNA damage.  Although it is 
difficult to experimentally assess the requirements for the G2/MI meiosis transition of 
spermatocytes in vivo, this problem has been partially circumvented by the demonstration 
that OA induces a precocious G2/MI transition in isolated pachytene spermatocytes 
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Figure 3:  RAD51 foci accumulate in spermatocyte nuclei following induced DNA 
damage.  A.  Frequency of pachytene spermatocytes with greater than 10 RAD51 foci per 
nucleus after 6 hrs exposure to etoposide at the indicated concentrations. B.  Frequency of 
pachytene spermatocytes with greater than 10 RAD51 foci per nucleus 30 min. after γ-
irradiation at the indicated dosages.  Each value is derived from six independent 
experiments.  Error bars represent standard deviation. 
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treated in vitro (Cobb et al., 1999; Handel et al., 1995; Wiltshire et al., 1995).  This 
treatment protocol was previously used to demonstrate that teniposide (a TOP2 inhibitor) 
treatment inhibits the OA-induced G2/MI (Cobb et al., 1997).  However, it was not 
known if the effect of teniposide was due to a direct requirement for topoisomerase 
activity or due to arrest of progress to division phase by the presence of un-repaired 
DSBs.  We therefore tested the competence of irradiated pachytene spermatocytes to 
undergo an OA-induced G2/MI transition.  Isolated pachytene spermatocytes were 
treated with 20 Gy of γ-irradiation to induce DSBs, followed 30 min or 6 hr later by 
treatment with 5 μM OA to initiate chromosome condensation.  Progress through the cell 
cycle to MI was assessed after 3 hr treatment from Giemsa-stained air-dried metaphase 
chromosomes and surface-spread chromatin immunolabeled with antibody against 
phosphorylated histone H3, a marker of progression of spermatocytes to diplonema and 
into MI (Cobb et al., 1999). 
After OA treatment, both untreated control and γ-irradiated pachytene 
spermatocytes exhibited phosphorylation of histone H3, as indicated by labeling with 
antibody specific to the phosphorylated histone, regardless of the amount of time given to 
repair DSBs (Fig. 4D and H).  However, although untreated control spermatocytes 
condensed bivalent MI chromosomes after OA treatment (Fig. 4J), γ−irradiated 
spermatocytes did not do so, although the chromatin appeared to condense partially after 
OA treatment (Fig. 4L, compare to Fig. 4J).  As seen from Table 1, MI spermatocytes 
were absent among OA-treated irradiated spermatocytes by comparison to controls, 
although at 6 hrs post irradiation, OA treatment yielded a higher frequency of diplotene-
like spermatocytes than at 30 min post irradiation.  These observations suggest the 
presence of DSBs in pachytene spermatocytes prevents induced entry into M-phase, but 
does not prevent an earlier step in the process, phosphorylation of histone H3. 
 
Apoptotic responses of spermatocytes to DNA damage differ 
Following modification of chromatin and cell cycle arrest, a frequent cellular 
response to overwhelming DNA damage is apoptosis.  Because externalization of 
phosphatidylserine (PS) is one of the earliest steps in the apoptotic cascade, this feature 
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Figure 4:  OA-induced chromosome condensation is inhibited but OA-induced 
phosphorylation of histone H3 is not in irradiated spermatocytes.  Control spermatocytes 
before (panels A and B) and after OA treatment (panels C and D) reveal phosphorylation 
of histone H3 induced by OA; similar patterns are also seen in irradiated spermatocytes 
before (panels E and F) and after (panels G and H) OA treatment.  Surface-spread 
chromatin labeled with antibodies against SYCP3 (red, panels A, C, E, G) and 
phosphorylated histone H3 (green, panels B, D, F, H). Bar = 10 µM.  Images of air-dried 
and Giemsa-stained chromatin from control spermatocytes before (panel I) and after 
(panel J) OA and spermatocytes exposed to 20 Gy γ-irradiation before (panel K) and 
after (panel L) OA treatment reveal that irradiated spermatocytes do not fully condense 
chromatin after OA treatment. Bar = 10 µM. 
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Table 1:  Frequency of meiotic substages after irradiation and OA treatment. 
 
Time after treatment:  30 min   6 hr  
Stage: Pachytene Diplotene MI Pachytene Diplotene MI 
No Treatment 92.5%* 7.5% 0.0% 93.5% 4.0% 2.5%
Ice 84.0% 11.0% 5.0% 92.0% 7.0% 1.0%
Ethanol 95.0% 2.0% 3.0% 95.5% 2.5% 2.0%
20 Gy 95.0% 5.0% 0.0% 96.0% 4.0% 0.0%
5 µM OA 34.0% 26.0% 40.0% 31.5% 22.5% 46.0%
20 Gy + 5 µM OA 54.0% 45.5% 0.5% 50.5% 47.5% 2.0%
 
* All data represent the mean frequency of cells in the given stage in two experiments per 
time point. 
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 was monitored to determine if spermatocytes undergo apoptosis in response to DNA 
damage.  The assay used is one that visualizes FITC-labeled annexin V, which binds to 
externalized PS on the surface of apoptotic cells.  The positive control was pachytene 
spermatocytes treated with mild hyperthermia to induce apoptosis and externalization of 
PS.  To determine the effect of etoposide-induced DNA damage, pachytene 
spermatocytes were treated with etoposide, cultured for either 3 or 6 hrs, and then scored 
for the frequency of FITC-annexin V-positive spermatocytes (early apoptosis) and FITC- 
and PI-positive spermatocytes (late apoptosis); the results are presented in Table 2.  (See 
Materials and Methods for explanation of staining patterns)  After 3 hr exposure to 
etoposide, a low frequency of apoptotic cells were observed in both etoposide and heat-
treated samples (Table 2).  This frequency increased at 6 hr post-treatment, but no clear 
dose-response pattern was observed (Table 2).   A low frequency of apoptotic cells were 
observed among the untreated control spermatocytes, perhaps due to effects of culture 
conditions.  To test effects of irradiation, spermatocytes were treated with γ-irradiation, 
returned to culture, and incubated with FITC-labeled annexin V at 2 and 6 hr following 
irradiation (Table 3).  There were no significant increases in the frequency of apoptotic 
cells at either time point. 
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 Table 2: Frequency of apoptosis following etoposide treatment. 
 
3 hr* 
 No staining FITC - stained FITC- and PI- stained 
No Treatment 85.0% 14.0% 1.0% 
DMSO 83.0% 14.0% 3.0% 
0.5 µM etoposide 82.0% 14.0% 4.0% 
5 µM etoposide 73.0% 21.0% 6.0% 
10 µM etoposide 75.0% 21.0% 4.0% 
40 µM etoposide 67.0% 20.0% 13.0% 
Heat 49.0% 27.0% 24.0% 
        
6 hr** 
  No staining FITC - stained FITC- and PI- stained 
No Treatment 78% +/- 7.0 19% +/- 9.5 3% +/- 2.9 
DMSO 76% +/- 3.1 22% +/- 3.6 2% +/- 4.6 
0.5 µM etoposide 67% +/- 5.7 32% +/- 8.0 1% +/- 2.6 
5 µM etoposide 50% +/- 8.4 39% +/- 5.1 11% +/- 5.3 
10 µM etoposide 47% +/- 13.2 45% +/- 12.2 8% +/- 2.5 
40 µM etoposide 49% +/- 10.3 40% +/- 7.9 11% +/-10.0 
Heat 36% +/- 7.3 37% +/- 8.1 27% +/- 1.0 
 
* Data for 3 hr represent the mean frequencies in two experiments. 
** Data for 6 hr present the mean frequencies in four experiments. 
 
 
 
 
 
 
 
 
 
 
 
 50
 Table 3: Frequency of apoptosis following γ-irradiation. 
 
2 hr* 
  No staining FITC-stained FITC- and PI- stained 
No Treatment 81% +/- 2.5 6% +/- 2.1 13% +/- 4.6 
Ice Treatment 78% +/- 5.0 4% +/- 3.1 18% +/- 4.6 
5 Gy 82% +/- 5.8 5% +/- 3.5 13% +/- 2.3 
10 Gy 82% +/- 7.8 9% +/- 9.9 9% +/- 2.5 
20 Gy 82% +/- 10.1 11% +/- 13 7% +/- 5.3 
60 Gy 77% +/- 7.8 15% +/- 11 8% +/- 5.5 
Heat Treatment 53% +/- 4.7 21% +/- 5.6 26% +/- 5.7 
        
6 hr** 
  No staining FITC-stained FITC- and PI- stained 
No Treatment 82.0% 12.0% 6.0% 
Ice Treatment 75.5% 15.0% 9.5% 
5 Gy 74.0% 16.0% 10.0% 
10 Gy 80.0% 15.0% 5.0% 
20 Gy 82.0% 10.0% 8.0% 
60 Gy 82.0% 13.0% 5.0% 
Heat Treatment 49.0% 16.5% 34.5% 
 
* Data for 2 hr represent the mean frequencies in three experiments. 
** Data for 6 hr represent the mean frequencies in two experiments. 
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Chapter 4-Discussion 
Spermatocytes normally sustain many meiotically induced double-strand DNA 
breaks (DSBs) early in meiotic prophase; these are rapidly repaired by recombination 
processes.  However, little is known about how spermatocytes respond to 
environmentally induced DNA damage after their recombination-related DSBs have been 
repaired.  We demonstrate here that isolated mouse pachytene spermatocytes responded 
to etoposide-induced and irradiation-induced DNA damage by phosphorylating 
chromatin-associated histone H2AX and recruiting RAD51 to chromatin.  Additionally, 
isolated spermatocytes with γ-irradiation-induced DSBs did not undergo a normal 
transition to metaphase when treated with OA, suggesting cell cycle checkpoint 
mechanisms recognizing DNA damage.  Isolated spermatocytes exposed to etoposide 
initiated apoptosis, although spermatocytes exposed to γ-irradiation at doses up to 60 Gy 
did not.  These results suggest the possibility of more rapid repair of irradiation-induced 
damage, or, more likely, different responses (induction of cell cycle arrest versus 
initiation of apoptosis) to DNA damage induced by different agents. 
 
Chromatin Modification following DNA Damage 
 An early mark of DNA damage is phosphorylation of histone H2AX throughout 
the chromatin surrounding the DNA strand breaks (Rogakou et al., 1999).  In ways not 
yet understood, H2AX phosphorylation spreads over a distance of several megabases 
from the site of damage, leading to chromatin condensation and concentration of repair 
factors around the break (Fernandez-Capetillo et al., 2004).  Consistent with these views 
of the role of γH2AX, treatment of spermatocytes with etoposide or exposure to γ-
irradiation resulted in phosphorylation of histone H2AX spreading through nuclear 
chromatin, in contrast to the typical expression of this variant only in the XY body 
chromatin of pachytene spermatocytes.  We observed γH2AX localization on a 
continuous spectrum from the XY body only to focal clusters to globally throughout the 
nucleus.  This pattern of localization is far more pervasive than either the distinct foci 
seen in leptotene spermatocytes or those present following focused irradiation of somatic 
cell nuclei, reflecting DNA damage throughout the chromatin caused by etoposide and γ-
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irradiation.  Interestingly, the majority of γ-irradiated spermatocytes were never as 
completely labeled as etoposide-treated spermatocytes.  The less robust modification of 
chromatin by irradiated spermatocytes could indicate less extensive DNA damage than in 
etoposide-treated spermatocytes, or different patterns of chromatin modification and 
alternative responses for repair of irradiation-induced damage. This is consistent with a 
view of random DNA damage induced by irradiation in contrast to stalling of numerous 
topoisomerase complexes throughout the nucleus caused by etoposide.  The function of 
γH2AX in chromatin of the treated spermatocytes is not known.  It could serve, as it 
frequently does after DNA damage, to recruit additional damage-response proteins and 
complexes to the chromatin, such as RAD51 (see below).  Alternatively, the γH2AX may 
be an early hallmark of apoptotic response of the damaged spermatocytes (Rogakou et al. 
2000); however no increase in staining was seen in spermatocytes induced to undergo 
apoptosis by mild hyperthermia. 
 RAD51, another early player in repair of DNA damage, may be one of the 
proteins whose recruitment is facilitated by γH2AX.  Indeed, etoposide-treated 
spermatocytes show a dose-dependent increase in the frequency of cells with autosomal 
RAD51 foci, which persisted up to 6 hrs following initiation of exposure to etoposide.  
These observations, consistent with the observed persistence of H2AX modification 
(present 6 hrs post treatment), indicate failure to repair the topoisomerase-induced DSBs 
that are stabilized by etoposide.  During topoisomerase-induced DNA cleavage, the 
enzyme is covalently bound to the 5’-phosphate group of the DNA, forming a “cleavable 
complex” (Errington et al., 2004).   Etoposide stabilizes this complex, which normally 
exists only transiently, and indeed, the stabilization of topoisomerase may physically 
obstruct the assembly of DNA repair complexes at these sites, resulting in persistent un-
ligated DSBs.  Likewise, spermatocytes treated with γ-irradiation exhibited an immediate 
increase in autosomal RAD51 foci related to irradiation dosage.  Interestingly, the dose 
response was not apparent 6 hrs post-exposure, suggesting saturation of response early in 
the treatment period.  As was the case for modification of chromatin by γH2AX, the 
response of irradiated spermatocytes was less extreme than that of etoposide-treated 
spermatocytes.  The increased recruitment of RAD51 following etoposide treatment 
 53
could be due to the presence of a greater number of DSBs in these spermatocytes and/or 
to the stabilization of the topoisomerase-DNA complex, precluding efficient repair. 
 Taken together, these observations on accumulation of γH2AX and RAD51 foci 
indicate that DNA damage was induced by the two treatments and that typical 
modifications of chromatin occur in response to damage in mid to late pachytene 
spermatocytes.  Thus, even though these modifications, typical of autosomal chromatin in 
early but not mid to late meiotic prophase, had disappeared, it is possible to re-recruit 
these proteins in response to secondary DNA damage. 
 
Cell Cycle Progress following DNA Damage 
 Checkpoints exist to prevent cells with DNA damage from undergoing division 
(Hartwell and Weinert, 1989; Weinert, 1997; Weinert, 1998).  These checkpoints are 
thought to be remarkably efficient and perhaps as few as one DSB per nucleus can 
prevent the transition from the G2 phase to mitosis (the G2/M transition).  Checkpoints 
also monitor the onset of the division phase in meiotic cells (Lydall et al., 1996; Roeder 
and Bailis, 2000), and it is thought that such checkpoints act to guard against the 
production of aneuploid or otherwise chromosomally defective gametes (Handel 1998; 
Handel and Sun, 2005; Hassold and Hunt, 2001).  The possibility of checkpoint-mediated 
arrest of cell cycle progress from meiotic prophase to metaphase of the first meiotic 
division (the G2/MI transition) was assessed here by determining the ability of 
spermatocytes with induced DNA damage to respond to OA, which induces the G2/MI 
transition in cultured pachytene spermatocytes (late prophase) (Cobb et al., 1999; Handel 
et al., 1995; Wiltshire et al., 1995).  Previously, it was found that teniposide treatment 
inhibited the ability of pachytene spermatocytes to undergo the OA-induced G2/MI 
transition (Cobb et al., 1997), but this could be due only to inhibition of topoisomerase 
activity (known to be required for the mitotic G2/MI in mammalian cells) rather than also 
to the presence of DSBs stabilized by teniposide.  To more directly test for the effect of 
DSBs on cell cycle progress, the response of irradiated spermatocytes to OA was 
determined.  The results revealed that irradiated pachytene spermatocytes were unable to 
condense chromatin into individualized chromosomes in response to OA, even after 
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allowing a 6 hr period for repair before treatment with OA.  Interestingly, after OA 
treatment of irradiated spermatocytes, cells with chromatin in a diplotene-like 
configuration were observed, most frequent at 6 hrs post-irradiation (Table 1).  This 
observation suggests that at least some spermatocytes with DNA damage initiate the 
G2/MI transition, but are unable to complete it.  Somewhat remarkably, irradiated 
spermatocytes exposed to OA exhibited phosphorylation of histone H3, one event 
marking the onset of the G2/MI transition.  Previously, it has been demonstrated that 
phosphorylation of histone H3 in spermatocytes occurs even when chromosome 
formation is prevented by inhibitors of metaphase promoting factor, MPF, comprised of 
CDC2 and CCNB (Cobb et al., 1997).  These results had demonstrated that events of the 
G2/MI transition are separable and under different controls, with MPF regulating 
chromosome condensation and individualization, while the kinase(s) responsible for 
histone H3 phosphorylation and initial diplotene steps of chromatin condensation is (are) 
still not known (Cobb et al., 1997; Inselman and Handel, 2004).  The current findings 
suggest that a checkpoint monitoring DNA damage acts via the MPF pathway to inhibit 
onset of metaphase, but may not affect the pathway leading to phosphorylation of histone 
H3 and the earliest (diplotene) steps of chromatin condensation.  Importantly, the results 
provide robust evidence that the presence of DNA DSBs does impede the onset of the 
induced G2/MI transition, suggesting that similar checkpoint controls may act in vivo, in 
part ensuring against the production of aneuploid gametes. 
 
Apoptosis following DNA Damage 
 Apoptosis is frequently a response to irreparable DNA damage.  Also, 
programmed cell death is an important aspect of normal control of spermatogenesis, 
presumably ensuring that each Sertoli cell supports a predetermined number of germ cells 
(Print and Loveland, 2000; Print et al., 1998; Russell et al., 2002; Sinha Hikim and 
Swerdloff, 1999; Yan et al., 2000).  Growing evidence indicates that both spontaneous 
germ cell death and that triggered by mild hyperthermia or deprivation of gonadotrophins 
occur almost exclusively via apoptosis (Rockett et al., 2001; Russell et al., 2002; Sinha 
Hikim and Swerdloff, 1999; Yamamoto et al., 2000).  In mice, spontaneous apoptosis is 
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most commonly observed in spermatocytes, including dividing spermatocytes (Print and 
Loveland, 2000; Sinha Hikim and Swerdloff, 1999).  In testes, spermatogonia undergo 
irradiation-induced apoptosis, while spermatocytes exhibit greater radio-resistance 
(Hasegawa et al., 1997). 
 Etoposide-treated spermatocytes were found to exhibit a hallmark of apoptosis 
(externalization of PS) similar to that shown by heat-treated spermatocytes, while 
irradiated spermatocytes did not.  This could reflect less extensive and “global” 
chromatin damage in irradiated spermatocytes than in etoposide-treated spermatocytes.  
However, an important caveat is that it is possible that irradiation could impair the 
spermatocyte membrane, thus compromising the ability of the cells to externalize PS; in 
this case, this marker of apoptosis would not be observed.  Alternatively, the apparent 
lack of apoptosis may be due to the initiation of cell cycle arrest as an alternative 
pathway.  For example, studies on testicular irradiation in the mouse and rat show an 
increase in the expression of cell cycle regulators CDKN1A (p21(Cip1/Waf1))  and TRP53 
(p53) by pachytene spermatocytes (Beumer et al., 1997; Sjoblom and Lahdetie, 1996). 
 
In Vitro versus In Vivo Responses of Spermatocytes to Induced DNA Damage 
In the testis, Sertoli cells serve an important nurturing role toward germ cells and 
are believed to help coordinate important events of spermatogenesis.  However, their role 
in the response of spermatocytes to DNA damage is not known.  Our results show that 
spermatocytes mount many of the typical cellular responses to DNA damage (chromatin 
modifications, apoptosis) in the absence of intimate contact with surrounding Sertoli 
cells; thus these responses are presumed to be cell-autonomous, at least in part.  
Nonetheless, it is instructive to consider how the responses and the ultimate impact on 
cell cycle and spermatogenesis may differ in vitro from that in vivo.  Chromatin 
modification patterns observed here (recruitment of γH2AX and RAD51) closely parallel 
similar responses of testicular spermatocytes to radiation-induced DNA damage (Forand 
et al., 2004; Hamer et al., 2003b) and are similar to responses of somatic cells; thus it is 
likely that Sertoli cells may play no role in the onset of damage-induced chromatin 
modifications in testicular spermatocytes.  Of considerably more interest is the impact of 
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DNA damage on progress of spermatocytes through the cell cycle and their entry into the 
division phase.  In this study, we induced the onset of meiotic metaphase with OA, a 
pharmaceutical agent known to override endogenous checkpoint controls over progress of 
spermatocytes through meiotic prophase (Handel et al., 1995; Wiltshire et al., 1995).  
Thus we have assayed whether or not spermatocytes, in the hours immediately following 
induced DNA damage, can undergo the transition out of prophase into metaphase.  
Clearly, DNA damage impedes this progress in treated spermatocytes (Fig. 4, Table 1), as 
it does in somatic cells that have sustained DNA damage.  However because of 
limitations on culture duration, it is not known from this study whether or not 
spermatocytes could, in the absence of Sertoli cells, ultimately recover from DNA 
damage, and, if not, what the effect is on progress through the cell cycle and 
spermatogenesis.  Furthermore, the use of OA, known to override cellular controls over 
progress of the cell cycle, makes it difficult to assess the efficacy of the cell-autonomous 
checkpoint mechanisms that might normally mitigate DNA damage in the testis.  Clearly, 
such checkpoints are not totally efficient in testicular germ cells, as testicular 
spermatocytes with induced DNA damage form sperm that transmit the damage as 
mutations to the next generation.  This observation is the foundation of numerous 
heritable mutation induction studies, including effects of chemical mutagens as well as 
ionizing irradiation, (Davis and Justice, 1998; Russell, 2004) and suggests both that 
testicular germ cells survive DNA damage and that it is not necessary to repair all DNA 
damage in order for germ cells to differentiate into functional sperm.  The effects of 
etoposide exposure of pachytene spermatocytes in vivo is particularly interesting example 
of this conclusion.  Etoposide is a potent in vivo inducer of apoptosis in male rat germ 
cells (Sjoblom et al., 1998), but also causes heritable chromosomal structural alterations 
as well as aneuploidy (Attia et al., 2002; Marchetti et al., 2001; Russell et al., 1998), 
indicating survival of damaged spermatocytes.  Thus these findings are consistent with 
etoposide-induced germ cell apoptosis that we have shown in vitro, but, importantly, 
demonstrate conclusively that apoptosis is not an inevitable fate of etoposide-damaged 
germ cells.  Additionally, in the testis, as in vitro without Sertoli cells, spermatocytes 
damaged by ionizing irradiation are relatively resistant to cell death (Hamer et al., 
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2003a). However, whether it is the intimate contact of the germ cells with Sertoli cells in 
the testis that provides a protection against germ cell death in the face of DNA damage, is 
not known.  For example, X-irradiation-induced germ cell apoptosis occurs in testes of 
mice deficient in the FAS ligand (Fasl-/-) expressed by Sertoli cells (Richburg et al., 
2000), suggesting the apoptosis could be germ-cell autonomous.  However, germ cell 
apoptosis in the testis most likely is triggered by any of several pathways, each of which 
may be induced by different stimuli, and testicular regulators of these pathways are 
poorly understood (Boekelheide, 2005; Koji and Hishikawa, 2003; Print and Loveland, 
2000; Sinha Hikim and Swerdloff, 1999).  Consequently, the relative similarity of in vitro 
and in vivo DNA damage-induced pathways to germ-cell apoptosis is not resolved. 
 
Do Pachytene Spermatocytes Repair Induced DNA Damage, and If So, How? 
 Evidence is provided here that etoposide treatment of mid to late pachytene 
spermatocytes results in large numbers of DNA DSBs that persist up to 6 hrs, suggesting 
that DNA repair is not complete under these experimental conditions.  Failure of the 
treated spermatocytes to undergo the induced G2/MI transition (Cobb et al., 1997), and 
evidence that they undergo apoptosis are both consistent with this interpretation that 
topoisomerase-induced DNA DSBs stabilized by etoposide are not repaired, even though 
chromatin modifications that typically precede repair do occur.  Repair of these DNA 
DSBs could be impeded if the topoisomerase-DNA complexes stabilized by etoposide 
block physical access by repair factors.  However, irradiated spermatocytes are also not 
competent to undergo the OA-induced G2/MI cell-cycle transition, suggesting that some 
DNA DSBs persist up to 6 hrs post-exposure.  Taken together, these data suggest that 
repair of induced DSBs is incomplete or inefficient after the mid-pachytene stage, when 
meiotic homologous recombination events are stabilized as crossovers (Anderson et al., 
1999).  Perhaps the conformation of the chromatin, anchored in the synaptonemal 
complex and bound by cohesins, is not favorable for repair by HR or NHEJ repair.  In a 
related study, Coogan and Rosenblum (Coogan and Rosenblum, 1988) investigated the in 
vitro γ-irradiation induced repair response of isolated rat germ cells, and found a dose 
dependent increase in the amount of DNA double strand damage in pachytene 
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spermatocytes from 30 Gy to 60 Gy.   Most importantly, damage repair was incomplete, 
with less than 30% of the breaks repaired. Microarray analysis reveals that transcripts of 
some genes encoding proteins in the HR pathway, such as Mlh1 and Mlh3, are down-
regulated in mid to late pachytene spermatocytes compared to early pachytene 
spermatocytes, but others (such as Mre11a, Nbn, Rpa1, Blm, Brca1 and Brca2) show no 
significant changes; genes encoding proteins in NHEJ pathways can be either up-
regulated (Lig4) or not changed (Prkdc) in the same comparison (Handel, Wiltshire and 
Affourtit, unpublished data).  Thus transcript expression analysis does not provide clear 
clues as to the mode of DNA repair in mid to late pachytene spermatocytes.  Nonetheless, 
the persistence of induced DNA strand breaks in pachytene has an interesting parallel in 
observations about the normal behavior of the sex chromosomes at this time (Handel, 
2004).  Similar to autosomal chromatin, the X and Y chromosomes seemingly undergo 
meiotic recombination-induced strand breaks early in meiotic prophase, and the sex 
chromatin is modified by both foci of RAD51 and γH2AX.  But unlike autosomal 
chromatin, where both RAD51 and γH2AX disappear by mid pachynema, these 
chromatin modifications persist over the sex chromosomes, now forming the XY body, 
until late in prophase (Handel, 2004).  Thus evidence is consistent with the presence of 
persistent un-ligated DNA strand breaks in the XY body chromatin and it is unknown 
how or when these are ultimately repaired. 
Taken together, the results of this analysis of induced DNA DSBs in pachytene 
spermatocytes reveal that these cells respond to exogenous double strand breaks by 
chromatin modifications that include recruitment of γH2AX and RAD51 proteins.  
Etoposide-induced damage appears to have more severe consequences, and this 
observation supports evidence on toxicity of etoposide toward testicular cells in its use as 
an anti-cancer agent.  DSBs induced in mid to late pachytene spermatocytes appear to 
persist, similarly to the persistence of DSBs in the XY body chromatin.  DNA damage, 
and/or the subsequent chromatin modifications, prevent spermatocytes from undergoing a 
complete G2/MI transition in vitro; although early non-MPF-dependent steps of the 
G2/MI transition occur, the spermatocytes that have sustained DNA damage are unable to 
condense and individualize metaphase chromosomes.  This evidence suggests existence 
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of checkpoints monitoring DNA integrity that effectively guard against gametic 
aneuploidy and chromosome damage.  A further implication of these observations on the 
G2/MI transition is that DNA damage in the XY chromatin must be repaired before 
spermatocytes are competent to undergo the G2/MI transition.  How either DNA strand 
breaks in the XY chromatin or those induced in autosomal chromatin by exogenous 
agents are repaired in late meiotic prophase is not yet clear, but further analysis of protein 
expression and effects of inactivating mutations of DNA repair enzymes on the responses 
to induced DNA damage may shed light on normal spermatogenic DNA repair processes 
and their role in progress of gametogenesis. 
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Chapter 1-Introduction 
In the majority of eukaryotic organisms, spermatocytes normally sustain many 
meiotically induced double-strand DNA breaks (DSBs) early in meiotic prophase that are 
rapidly repaired by homologous recombination processes. These processes are a part of 
meiotic recombination, generally believed to be required for proper pairing and synapsis 
(via a proteinaceous structure termed the synaptonemal complex) of homologous 
chromosomes (reviewed by Cohen and Pollard, 2001).   In Drosophila males, however, 
meiosis is achiasmatic (Cooper, 1950, 1964), and proceeds in the absence of a detectable 
synaptonemal complex (Rasmussen, 1973), or the formation of crossovers (Morgan, 
1912; Wolf, 1994).  
Repair of meiotically induced double strand breaks is thought to require the action 
of many homologous recombination repair proteins (reviewed by Cohen and Pollard, 
2001).  Because of this, homologous recombination repair, meiotic recombination, and 
homolog pairing are intimately intertwined.  However, in Drosophila, recent studies 
imply that the meiotic pairing mechanism in males is independent of the homologous 
recombination pathway (McKee et al., 2000; Yoo and McKee, 2005).  Because meiosis 
itself apparently does not require HR pathway enzymes, we wondered if Drosophila male 
germ cells respond to or repair exogenously induced double strand breaks.  For this 
reason, we focused on prophase spermatocytes, as it is at this stage of meiosis where 
recombination takes place in the majority of eukaryotic organisms (reviewed by Cohen 
and Pollard, 2001; Dissertation introduction). Specifically, we examined late prophase 
spermatocytes, stages S5 and S6, as repair of double strand breaks is generally believed 
to be required before chromosome condensation and the onset of division (Richardson et 
al., 2004), and as the mature spermatocytes contain large nuclei in which large numbers 
of repair foci can be readily scored.  We investigated the modification of spermatocyte 
chromatin by two homologous recombination repair proteins –γH2Av (the function of 
which is not limited to HR) and SPN-A (DmRad51) - following the induction of DSBs by 
methyl methanesulfonate (MMS) and γ-irradiation.  The involvement of these two 
proteins in Drosophila meiosis and DSB repair will be discussed in detail below, but is 
set into the context of the process of spermatogenesis in Drosophila. 
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Spermatogenesis in Drosophila melanogaster 
Spermatogenesis in Drosophila begins with the unequal division of a single apical 
stem cell into another stem cell and a primary spermatogonial cell.  Four spermatogonial 
divisions produce a cyst containing 16 interconnected primary spermatocytes.  Primary 
spermatocytes enter a growth phase that lasts approximately 90 hours before they are 
ready for division.  During this period they are highly transcriptionally active and 
undergo an approximate 25-fold increase in volume (Cenci et al., 1994).  Traditionally, 
this growth phase is considered meiotic prophase. Spermatocytes in this growth phase are 
divided in substages S1-S6, depending on size of the nucleus and chromatin architecture 
(Cenci et al., 1994).   
The chromatin in young spermatocytes, stages S1 and S2, appears as a compact 
mass in the center of the nucleus.  Homologous chromosomes are tightly paired at this 
stage (Vazquez et al., 2002) via pairing sites present in the euchromatin (McKee et al., 
1993).  However, the specific pairing site has been identified only for the sex 
chromosomes. Research in the McKee laboratory has shown that Drosophila sex 
chromosomes pair through sites in the heterochromatic rDNA, specifically at the 240bp-
repeated sequence in the intergenic spacers of the rDNA genes located on the X and Y 
chromosomes (McKee, 1996).   
As prophase spermatocytes grow, at approximately stage S2b, the chromatin mass 
subdivides into three masses or territories, presumably corresponding to the three major 
bivalents: the XY, and the 2nd, and 3rd chromosomes.  The intimate pairing of 
homologous chromosomes present at S2 is lost shortly after territory formation, 
approximately in late S2b or early S3 (Vazquez et al., 2002).   Following the loss of 
intimate pairing, homologous chromosomes are hypothesized to be maintained in close 
proximity to one another by the association of two recently identified meiosis-specific 
proteins, Stromalin in Meiosis (SNM) and Modifier of mdg4 in Meiosis (MNM) (Thomas 
et al., 2005). 
Even with the loss of tight associations, homologous chromatin masses remain 
closely apposed to the inner nuclear envelope from mid-prophase I (S3-S4) until the 
onset of prometaphase I, when the chromosomes condense very rapidly for the onset of 
 69
MI (Cenci et al., 1994) (Fig. 1).  Following two meiotic divisions, and a series of 
dramatic morphological changes, the resulting cyst is composed of 64 interconnected 
elongated spermatids (Cenci et al., 1994). 
 
H2Av phosphorylation as an indicator of DSB formation in Drosophila 
As opposed to meiosis in male Drosophila, meiosis in females proceeds through 
the formation of a synaptonemal complex (SC) and meiotic recombination to produce 
chiasmata.  In response to the induction of meiotic DSBs, the sole Drosophila H2A 
histone variant, H2Av, is phosphorylated on its C-terminal tail (Jang et al., 2003).  
Unfortunately, deletion of H2av results in lethality in Drosophila and thus precludes a 
through examination of its role in meiosis (van Daal and Elgin, 1992).   Similarly, the 
formation of γH2Av (designation for phosphorylated H2Av) foci also occurs in response 
to γ-irradiation-induced damage in Drosophila tissue culture cells and larvae (Madigan et 
al., 2002). These results suggest that the phosphorylation of H2Av is a conserved 
response to the induction of DSBs in Drosophila cells.  This histone modification is 
similar to the phosphorylation of the mammalian H2A histone variant, H2AX, on its C-
terminal tail in response to the induction of DSBs by ionizing radiation and meiotic 
recombination (reviewed by Fernandez-Capetillo et al., 2004; Hamer et al., 2003).  In 
fact, antibodies against γH2AX also recognize γH2Av, due to the conservation of the C-
terminal phosphorylation site in H2A variants (Madigan et al., 2002, reviewed by Li et 
al., 2005).  Thus the phosphorylation of H2A variants is thought to be an important early 
step in the recognition and repair of DNA double strand breaks.  In mammalian cells, this 
phosphorylation is thought to recruit other repair proteins to the site of the break and to 
possibly alter chromatin structure to allow repair proteins access to the broken ends 
(Paull et al., 2000; Fernandez-Capetillo et al., 2004).  However, the specific role of H2Av 
phosphorylation in Drosophila cells is still under investigation.  Recent studies revealed 
that the deletion of the C-terminal phosphorylation site is compatible with survival but 
results in increased sensitivity of imaginal cells to radiation-induced apoptosis (Madigan 
et al., 2002).  The formation of γH2Av foci during Drosophila spermatogenesis has yet to 
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Figure 1:  Chromatin organization during prophase I of Drosophila spermatogenesis.  See 
text for detailed description of meiosis.  Adapted from Vazquez et al. 2002.  
*Spermatocytes in stages S5 and S6 were examined for their repair responses. 
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be investigated, most likely due to the lack of meiotic recombination in these cells 
(Morgan, 1912; Wolf, 1994). 
 
Homologous Recombination and Damage responses in Drosophila 
The requirement for homologous recombination proteins in female meiosis and 
somatic DNA repair was discussed at length in Part I of this dissertation.  In that section, 
the role of HR proteins in the repair of P-element induced breaks in premeiotic male 
germ cells was presented, as well as, experiments investigating the susceptibility of 
various germ cell stages to ionizing radiation.  This review demonstrated that very little is 
known about how prophase spermatocytes respond to exogenously induced DSBs.  In 
fact, there are no published studies on chromatin modifications of prophase 
spermatocytes following in vivo induction of DSBs.  In addition, very little is known 
about the apoptotic responses of Drosophila spermatocytes.  Experiments investigating 
the susceptibility of male meiotic cells to induced damage revealed that treatment of 
these cells with X-rays is followed by a period of sterility, but the mechanism of 
elimination of damaged cells was not examined (reviewed by Sankaranarayanan and 
Sobels, 1976).   
Due the lack of detectable meiotic recombination during prophase of Drosophila 
spermatogenesis, and the implied lack of requirement for HR proteins in chromosome 
segregation, we were interested in determining how late prophase spermatocytes 
recognize and respond to exogenously induced DSBs.  Damage was induced with either 
methyl methanesulfonate (MMS) or γ-irradiation.  Subsequently, the phosphorylation of 
H2Av and recruitment of SPN-A to damaged chromatin was investigated.  In addition, 
we asked if the presence of γ-irradiation induced DSBs resulted the initiation of 
apoptosis.  DNA double strand breaks were induced in larvae testes treated with 
0.1%MMS and in adult testes exposed to 5 Gy and 30 Gy of γ-irradiation.  Our results 
suggest Drosophila spermatocytes recognize the induction of DSBs via the 
phosphorylation of H2Av, however, the repair of these DSBs does not appear to involve 
SPN-A.   
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Chapter 2-Materials and Methods 
Fly Strains 
 Immunolocalization studies were performed on control fly strain yw, which is 
maintained in our laboratory.  The following GAL4 Reporter constructs were obtained 
from Bloomington Stock Center (Bloomington, IN):  P{GAL4-nos.NGT}40, 
P{GAL4:VP16-nos.UTR}, P{GAL4-Hsp70.PB}, P{GAL4-Hsp70.PB}2/CyO.  Strain 
P{His2AvΔCTXc}; l(3)His2Av810 (P-element located on the X chromosome) was kindly 
provided by Robert Glaser.  Flies were reared on standard cornmeal medium at 22°C with 
the exception of heat-shock treatment, which took place in a 37°C incubator. 
Transgene Crosses 
 P{mw; SpnA-Venus}/+ flies were crossed to either w; can3 red e/TM3, Sb or y w; 
Cy/Sp flies to obtain P{mw; SpnA-Venus}/TM3, Sb or P{mw; SpnA-Venus}/Cy.  Males 
were crossed back to either w; can3 red e/TM3, Sb or yw; Cy/Sp, respectively, for 
mapping the transgene insertions to chromosome 3 or chromosome 2.  The absence of w; 
Cy+ progeny in chromosome 2 crosses demonstrates that the insertion is on chromosome 
2, whereas the absence of w; Sb+ progeny in the chromosome 3 crosses demonstrates that 
the insertion is on chromosome 3.  Once the insertions had been located, P{mw; SpnA-
Venus}/TM3, Sb males were crossed to their virgin sisters and P{mw; SpnA-Venus}/Cy 
males were crossed to their virgin sisters to obtain stocks.  Males from these stocks were 
crossed to flies carrying the above-mentioned GAL4-Reporter constructs, and selecting 
against Sb or Cy identified progeny containing the reporter construct as well as the 
transgene construct. 
H2Av lethal cross 
 P{His2AvΔCTXc}; l(3)His2Av810  males were crossed to w; ep(3)3607/TM6, Tb 
virgin females and l(3)His2Av810  / TM6, Tb progeny (male – white eyes – w/Y, female – 
peachy eyes - P{His2AvΔCTXc}/w ) were collected and crossed.  From this cross we 
collected P{His2AvΔCTXc}; l(3)His2Av810  / TM6, Tb males and crossed them to w; 
l(3)His2Av810  / TM6, Tb virgin females and examined all subsequent w; l(3)His2Av810  / 
l(3)His2Av810  (Tb+) male larvae. 
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Treatment conditions 
MMS Treatment 
 Parent yw flies were allowed to lay eggs for 3 days (control), transferred to fresh 
medium containing 0.1% MMS for another 3 days then discarded.  Several 
concentrations of MMS were examined to determine the highest dose with which we 
could treat progeny and still obtain third instar larvae.  This dose was determined to be 
0.1% MMS.  Freshly made medium was allowed to cool, then mixed with the appropriate 
amount of MMS to obtain 0.1%.  Medium + MMS was then aliquoted into individual 
vials.  Testes from control and treated third instar larvae were subsequently dissected and 
examined by cytological methods.  The effect of MMS on late prophase spermatocytes 
was examined in larvae rather than adults because larvae feed more readily on the treated 
food than adults.  Therefore examination of larval testes should maximize our chances of 
seeing an effect. 
γ-Irradiation 
 SPN-A-Venus and yw male flies were collected and transported to the radiation 
source (60Cobalt) in standard culture vials.  Flies (inside culture vials) were irradiated at a 
dose rate of 0.82 Gy/minute.  Control yw male flies were treated with 5 Gy to examine 
acute response and with 30 Gy to examine chronic response.  Transgenic flies were 
treated with 30 Gy.  These two doses were chosen based on previous radiation research in 
Drosophila, where low doses range from 1-10 Gy and high doses range from 20-50 Gy 
(reviewed by Sankaranarayanan and Sobels, 1976; McVey et al., 2004; Kooistra et al., 
1999; Ducau et al., 2000; Lankenau et al., 1999).  Following exposure, flies were 
transported back to the laboratory in culture vials and testes were dissected 30 minutes or 
24 hours later for cytological preparations. These time points were chosen based on 
γH2Av kinetics in Drosophila S2 cells, where following the induction of DSBs, foci form 
within 15 minutes and disappear 3 hours later, in a repair-dependent manner (Kusch et al. 
2004). The effect of γ-irradiation on late prophase spermatocytes was examined in adult 
testes rather than larvae, because, due to the scheduling restrictions on the use of the 
radiation source, it was more efficient to collect numerous adult males and irradiate them 
at once than to try irradiate several vials of larvae in the hope of collecting a sufficient 
number of male larvae for cytological preparations.  Testes from yw flies were dissected 
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4 hours after exposure for acridine orange staining.  This time point was chosen based on 
previously published protocols that suggest apoptosis in Drosophila tissues is initiated 4 
hours following induction of damage. 
 
Cytological Methods 
Immunolocalization - Males 
 Testes from control and 0.1% MMS-treated or irradiated flies were dissected on 
coverslips in testes buffer (183mM KCl, 47mM NaCl, 10mM Tris-HCl, 1mM EDTA, 
1mM PMSF), squashed with siliconized coverslips and frozen in liquid nitrogen.  After 
removal of the coverslip, samples were fixed at -20°C in methanol for 5 min followed by 
acetone for 2 min.  Following fixation, samples were washed in 1x PBS containing 1% 
Triton X-100 and 0.5% acetic acid for 5 min, then 1x PBS 2x for 5 min each.  Following 
washes, samples were blocked with Image-iT signal enhancer (Invitrogen) for 30 min, 
washed 2x, 5 min each in PBS, and blocked again in 1% BSA/PBT for 45 min. After 
blocking, samples were incubated with primary antibody, diluted in 1% BSA/PBT, 
overnight at 4°C.  Following overnight incubation, samples were washed 2x in PBT for 5 
min, 1x in PBS for 5 min, and incubated for 1 hr with secondary antibody at room 
temperature. After incubation, samples were washed 2x in PBS for 5 min each, 1x in 
DAPI (0.5mg/ml) dissolved in PBS for 5 min, and finally 2x in PBS for 5 min each.  
Finally samples were mounted on glass slides with Vectashield mounting medium 
(Vector laboratories). 
Live Preparations – Males 
 Testes from control and irradiated SPN-A-Venus flies were dissected in DAPI on 
a glass slide, squashed with a coverslip, sealed with nail polish, and examined under the 
microscope. 
Immunolocalization – Females 
 Ovaries from young non-virgin SPN-A-Venus transgenic flies were removed in 
1x PBS and collected in a 1.5mL microfuge tube.  Ovaries were incubated in 200ul 
fixative (2% formaldehyde + Nonidet P40) plus 600ul of heptane for 20 min with 
rocking.  Ovaries were then rinsed 3x in PBT (0.3% Tween), followed by 3 washes in 
PBT, 5 min each, with rocking.  Ovarioles were fanned out and blocked for 1 hr in 1% 
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BSA/PBT with rocking, followed by primary antibody for 1 hr diluted in 1% BSA/PBT 
with rocking.  After primary antibody incubation, ovarioles were washed 3x in PST for 
20 min each, with rocking, followed by incubation with secondary antibody, diluted in 
1% BSA/PBT for 1 hr.  Finally, ovarioles were stained with DAPI (0.5ug/ml) in PBS for 
20 min, with rocking, followed by two 20 min washes in PBT, with rocking.  Ovarioles 
were then further individualized and mounted on glass slides with Prolong Anti-fade 
(Invitrogen). 
Live Preparations – Females 
Ovaries from young non-virgin control and irradiated SPN-A-Venus transgenic 
flies were dissected in DAPI, placed in mineral oil on a glass slide, squashed with a 
coverslip, sealed with nail polish, and examined under the microscope.  
 
Construction of SPN-A fusion clones and generation of transgenic flies   
 Two SPN-A fusion constructs, UAS::Venus-SPN-A and UAS::SPN-A-Venus, 
were generated.  The spnA coding sequence was amplified from EST clone LD44962 
(Drosophila Genomics Resource Center, Bloomington, IN), using Pfx polymerase 
(Invitrogen) and primers GGAGGCTAACAAACTGGTGC and 
GCTTCTTGGCATCAAACATG.  The PCR products were cloned into the pENTRTM/D-
TOPO entry vector (Invitrogen) and the resulting products were sequenced. 
 Both entry constructs were recombined into Gateway® P-element vectors 
pPVW1 and pPWV1 (Drosophila Genomics Resource Center, Bloomington, IN).  Both 
vectors include Venus, UAS sequences for transcriptional activation by GAL4 and mini-
white+ to detect germ-line transformants.  Venus is a version of Yellow Fluorescent 
Protein (YFP), modified to increase its stability.   Both constructs were transformed into 
yw flies (Best Gene Inc., Chino Hills, CA).  Transgenes were mapped and balanced with 
strains w; can3 red e/TM3 or yw; Cy/Sp.  No difference in localization was observed 
between N-terminal and C-terminal fusions. 
Transcriptional activation of fusion constructs 
GAL4 is a transcription regulator identified in yeast, which works by binding to 
upstream activating sequences (UAS) of its targets, thereby promoting transcription 
(reviewed by Duffy 2002).  Present in the [SPN-A-Venus] constructs is a UAS sequence, 
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which is transcriptionally silent in the absence of GAL4.  To activate transcription, the 
spnA transgenic flies were mated to flies expressing GAL4 under the control of either the 
nanos or the heat shock 70 promoters.  The resulting progeny express SPN-A-Venus in a 
transcriptional pattern that reflects that of either nanos or Hsp70 (Fig. 2).  Previous 
research has shown the nanos-GAL4-VP16 vector, used here, when combined with 
UASp-GFP, drives expression in all germ cells in the ovary from stem cells through 
mature eggs (Rorth et al., 1998).  Moreover, nanos-GAL4-VP16 drives sufficient 
expression of Venus-tagged SOLO, a meiotic cohesion protein recently characterized in 
our laboratory, to provide full rescue of solo meiotic phenotypes in both sexes (R Yan 
and BD McKee, unpublished data). 
 
Apoptosis 
Live Preps 
 Testes from irradiated (4 hrs post irradiation) and control flies were dissected on 
glass slides in DAPI, transferred to acridine orange, cut, and squashed with a coverslip.  
Slides were examined using the FITC filter. 
Fixed Preps   
Testes from irradiated (4 hrs post irradiation) and control flies were dissected on 
coverslips in testis buffer, squashed with siliconized coverslips, and frozen in liquid 
nitrogen.  After removal of the coverslip, samples were fixed at -20°C in ethanol for 10 
min.  Samples were then washed in PBS for 5 min, stained with DAPI for 5 min, washed 
2x for 5 min each in PBS, stained with acridine orange for 3 min, and washed 2x for 5 
min each in PBS.  Finally samples were mounted onto glass slides with Vectashield 
mounting medium (Vector Laboratories).  Slides were examined using the FITC filter. 
 
Antibodies 
 Antibodies used to label fixed spermatocytes were anti-γH2AX (Upstate 
Biotechnology), at a 1:450 dilution, anti-α-tubulin (Sigma), used to stage spermatocytes, 
at a 1:150 dilution, anti-C(3)G (kindly provided from R.S. Hawley) at a dilution of 1:500, 
and anti-GFP (Molecular Probes) at a dilution of 1:500.  Appropriate secondary 
antibodies were tagged with Alexa Fluor 488 and 546 (Molecular Probes).   
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Figure 2:  Representation of transcriptional activation of [SPN-A-Venus] construct by 
GAL4:UAS system. Also a schematic of the P-element N-terminal and C-terminal fusion 
constructs. 
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Microscopy 
 All testis and ovary preparations were examined with an Axioplan (ZEISS) 
microscope equipped with an HBO 100-W mercury lamp for epifluorescence and with a 
scientific-grade, cooled, charge-coupled device (CCD; Roper).  Grayscale digital images 
were collected, pseudocolored, and merged using Metamorph Software (Universal 
Imaging Corporation). 
 
Scoring 
γH2Av foci were defined as distinct bright spots, above background, localized 
within the spermatocyte nuclei, and were scored visually at the microscope.  All 
experiments were performed in replicates of at least three (independent experiments), 
with approximately 50-75 nuclei per experiment scored.   
Statistical analyses 
Foci counts for each replicate within each treatment group were analyzed using a 
one-way ANOVA test to verify that the average foci counts between each replicate 
(within a single treatment group) were not statistically different.  Once this was verified, 
the grand mean (overall average number of foci/nucleus) from each treatment and the 
overall number of nuclei scored (totaled from all replicates) were used in the Student’s t-
test to determine if the grand mean from each treatment was statistically different from 
the grand mean of the control.  The p value for each comparison is reported in the results 
section.  Free version of Graphpad software was used for calculations. 
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Chapter 3-Results 
Spermatocytes recognize DSBs by phosphorylating histone variant H2Av 
 Modification of chromatin by γH2Av is a hallmark of the cellular response to 
induced DNA damage.  Following exposure to either MMS or γ-irradiation in vivo, testes 
were dissected and spermatocytes were examined by immunofluorescence with an 
antibody against γH2AX.  It is well documented that γH2AX antibodies recognize the 
phosphorylation of H2Av (Madigan et al., 2002).  Because γH2Av formation is 
universally one of the earliest responses to the induction of DSBs, this response was 
analyzed first.  The phosphorylation of H2Av was analyzed in MMS-treated S5 and S6 
spermatocytes of third instar larvae and in adult S5 and S6 spermatocytes treated with 
5Gy and 30 Gy of γ-irradiation.   
Figure 1 represents imaging of γH2Av in larval S5 spermatocytes after treatment 
with 0.1%MMS (for treatment conditions and foci description see Materials and 
Methods).  In control spermatocytes an average of 13 γH2Av foci were present and 
appeared to colocalize with DAPI-stained chromatin (Fig. 3 A - C).  This result was 
surprising as Drosophila spermatocytes do not undergo recombination, thus there should 
be no DSBs present in control cells.  This will be discussed in further detail in the 
subsequent chapter.  In MMS treated larval spermatocytes the number of γH2Av foci 
substantially increased.  The foci were present in both the DAPI-stained chromatin, as 
well as in the nuclear lumen, which is thought to contain relatively decondensed DNA, 
and thus does not stain detectably with DAPI (Fig.3 D - F).  This staining pattern 
suggests random induction of DSBs by MMS, not restricted to either condensed or 
uncondensed regions of DNA.  The number of γH2Av foci in MMS treated 
spermatocytes increased approximately two-fold over control spermatocytes (Fig. 4).  
This difference was found to be statistically significant by the Student’s t-test, with 
p<0.0001.  Table 1 presents analysis of individual replicates. 
 Adult spermatocytes were examined for the presence of γH2Av following 
treatment with 5 Gy and 30 Gy of γirradiation, in order to determine acute and chronic  
responses.  In control adult spermatocytes few γH2Av were present scattered throughout 
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Figure 3:  γH2Av foci accumulate in late prophase (S5) larval spermatocytes of yw flies 
following treatment with 0.1% MMS.  All images are at 1000x.  Control S5 spermatocyte 
panels A-C, 0.1% MMS treated S5 spermatocyte panels D-F.  DAPI staining is in blue 
(panels A and D) and γH2Av foci are in red (panels B and E). Panels C and F represent 
the merged DAPI and γH2Av images.  Foci were defined a distinct bright spots present 
above background inside the nucleus.  The background is primarily due to the secondary 
antibody used. 
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Figure 4: Frequency of γH2Av foci in S5 and S6 stage spermatocyte nuclei increases in 
yw flies following treatment with 0.1% MMS.  Each value is derived from three 
independent experiments.  Error bars represent standard deviation.  The increase in the 
number of foci between control and treated spermatocytes is statistically significant by 
the Student’s t-test, p<0.0001. 
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Table 1:  Variance in foci counts between MMS replicates is not significant. 
 
  Replicate 1 Replicate 2 Replicate 3 N* p value 
Control 10 +/- 5.5 9 +/- 5.3 10 +/- 5.6 150 0.797 
0.1% MMS 22 +/- 7.5 18 +/- 5.8 20 +/- 7.0 175 0.103 
 
* N = Total number of nuclei scored 
+/- = Standard Deviation 
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the nucleus, present on DAPI stained chromatin as well as scattered throughout the 
nuclear lumen (Fig. 5 A - C).  Treatment of spermatocytes with either 5 Gy (Fig. 5 D-F) 
or 30 Gy (Fig. 5 G-I) of γ-irradiation resulted in a dramatic increase in the amount of 
γH2Av foci 30 minutes following exposure.  Foci were present throughout the nucleus 
suggesting induction of DSBs did not depend on the degree of DNA compaction.  
Statistical analysis of our foci counts revealed there was a dose-dependent increase in the 
number of γH2Av foci 30 minutes following irradiation, p<0.0009 for 5 Gy vs. control, 
p<0.0001 for 30 Gy vs. control and p<0.0001 for 5 Gy vs. 30 Gy (Fig. 6).  Table 2 
presents analysis of individual replicates. 
Drosophila spermatocytes remain in prophase I for approximately 4 days.  
Therefore spermatocytes that are in mid-prophase when irradiated, are still in prophase 
one day later.  In order to determine if the number of γH2Av foci decreases over time, 
spermatocytes exposed to 30 Gy were also examined 24 hours post treatment (Fig. 5 J-L), 
as we believed this would allow sufficient time to repair DSBs.  The average number of 
γH2Av foci per cell significantly decreased 24 hrs following treatment with 30 Gy γ-
irradiation as compared to results obtained 30 min post exposure, p< 0.0001.  However, 
the average number of foci 24 hours following irradiation is still significantly higher than 
control spermatocytes, p<0.0001 (Fig. 6).  Nevertheless, the increased phosphorylation of 
H2Av after treatment with MMS and γ-irradiation suggests Drosophila spermatocytes are 
capable of recognizing the presence of induced DSBs.  Moreover, the decline in the 
number of foci 24 hours after irradiation implies that at least some of the induced DSBs 
are repaired in that time period.  Table 2 presents analysis of individual replicates. 
In order to verify the γH2Av localization, spermatocytes from H2Av mutant flies were 
examined for the presence of foci.  H2Av transgenic flies were obtained from Robert 
Glaser, in which the C-terminal phosphorylation site has been deleted (P{His2AvΔCTXc}; 
l(3)His2Av810) (Fig. 5 M-O).  In addition, staining in larval spermatocytes from the H2Av 
lethal mutant (l(3)His2Av810) was also examined (Fig. 5 P-R).  Spermatocytes from both 
H2Av mutant lines lacked any detectable γH2Av foci.  The lack of staining in these  
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Figure 5:  γH2Av foci accumulate in adult spermatocytes of yw flies following γ-
irradiation.  Foci are absent in H2Av mutant spermatocytes. All images are at 1000x.  
Control S5 spermatocyte in panels A-C, S5 spermatocyte 30 min after treatment with 5 
Gy in panels D-F, S5 spermatocyte 30 min after treatment with 30 Gy of γ-irradiation in 
panels G-I, S5 spermatocyte 24 hrs following 30 Gy of γ-irradiation in panels J-L, S5 
spermatocyte from H2Av C-terminal deletion mutant panels M-O, S5 spermatocyte from 
H2Av lethal mutant larva panels P-R.  DAPI staining is in blue in panels A, D, G, J, M, 
and P. gH2Av foci in red or green in panels B, E, H, K, N, Q.  Panels C, F, I, L, O, R 
represent the merge of the DAPI and γH2Av panels. 
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Figure 6:  Frequency of γH2Av foci in adult S5 and S6 stage spermatocyte nuclei from 
yw flies increases following γ-irradiation. Each value is derived from three independent 
experiments.  Error bars represent standard deviation.  The increase in foci between 5 Gy 
and control is significant, p<0.0009, and between 5 Gy and 30 Gy, 30 min time points, is 
significant, p<0.0001.  The increase in foci between control spermatocytes and 30 Gy 
treated is statistically significant at both time points, p<0.0001 at 30 min and 24 hrs.  The 
decrease in foci between the 30 min and 24 hr time points is also significant, p<0.0001.  
Statistical significance was determined using the Student’s t-test. 
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 Table 2:  Variance in foci counts between γ-irradiation replicates is not significant. 
 
  Replicate 1 Replicate 2 Replicate 3 N* p value 
Control  12 +/- 3.7 14 +/- 3.3 14 +/- 3.9 125 0.601 
5 Gy - 30 min 19 +/- 11.6 12 +/- 9.0 14 +/- 7.0 125 0.301 
30 Gy - 30 min 23 +/- 6.3 20 +/- 6.1 23 +/- 3.9 200 0.23 
30 Gy - 24 hrs 18 +/- 6.1 15 +/- 4.5 17 +/- 7.5 150 0.121 
 
* N = Total number of nuclei scored 
+/- = Standard Deviation 
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spermatocytes suggests that the foci seen in y w spermatocytes are specific to the 
presence of γH2Av. 
 
SPN-A-Venus is absent from γ- irradiated spermatocytes 
 As with the phosphorylation of H2A variants, localization of RAD51 to proposed 
sites of DSBs is a hallmark of the homologous recombination damage response.  As 
mentioned before, SPN-A is the Drosophila RAD51 homolog.  Initial attempts to 
examine SPN-A localization in control and irradiated spermatocytes were performed via 
immunolocalization, as with γH2Av.  Three separate commercially available RAD51 
antibodies were tried on four different cytological preparations on multiple occasions.  
We were unable to visualize a distinct, reproducible staining pattern with any 
combination of antibody and cytological preparation.  As these results were unexpected, 
we generated [SPN-A-Venus] fusion constructs to verify or refute our 
immunolocalization results, or lack thereof.  
These constructs allowed us to “tag” SPN-A with a fluorescent protein, in this 
case Venus, so that we can examine SPN-A localization by following the localization of 
the fluorescent protein, thus eliminating the need for antibodies. (The construction of 
fusion constructs is discussed in detail in Chapter 2).  Either the native germ cell 
promoter nanos, or the ubiquitously expressed heat shock 70 promoter, using the GAL4-
UAS activation system, were used to drive transcription of the transgene (details of this 
system are discussed in Chapter 2). Numerous GAL4 drivers are available from 
Bloomington Stock Center (Bloomington, IN); however, we chose to use these two 
primarily because they have previously been used in our lab successfully to drive 
expression of spermatocyte specific proteins.   Nonetheless, other GAL4 drivers should 
be examined. 
Previous research has shown that repair of P-element induced DSBs in premeiotic 
germ cells primarily occurs via SDSA (Gloor et al. 2000; Adams et al. 2003).  In 
addition, further genetic studies imply that efficient repair by this method (SDSA) 
requires spnA (McVey et al. 2004).  As this suggests that SPN-A plays a role in DSB 
repair in spermatogonia, we first examined these cells for the presence of SPN-A 
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localization.  Identification of spermatogonial cells is made difficult by the fact that they 
are the same relative size as somatic cells of the testis.  One method of distinguishing 
these cell types in live preparations is by the degree of staining with DAPI.  DAPI 
staining in somatic cells is much brighter than that of spermatogonia.  Spermatogonia are 
located in the apical tip of the adult testis and identified by the faint DAPI staining.  
Nanos-driven SPN-A localized to several spermatogonia within control and irradiated (30 
Gy) testes and were visualized as foci (Fig. 7).  The number of foci in control and 
irradiated spermatogonia were not scored, as their presence was used simply to verify the 
expression of our nanos-driven spnA transgenes.  Next, SPN-A localization was 
examined in control and irradiated (30 Gy) spermatocytes using the same transgenic lines 
that showed SPN-A localization in spermatogonia.  We failed to visualize SPN-A-Venus 
in any of the 300 control S5 and S6 spermatocytes examined (Fig 8 A).  Surprisingly, we 
were also unable to detect any SPN-A-Venus localization in any of the 500 irradiated S5 
and S6 spermatocytes examined (Fig. 8 C).  Similarly, no SPN-A localization was 
detected in control or irradiated S5 or S6 spermatocytes from our Hsp70-driven 
transgenes following a 1-hour heat shock.  In fact, we failed to visualize SPN-A-Venus in 
spermatocytes at any stage (S2-S6) regardless of the promoter or treatment.   
 
SPN-A-Venus is present in the germarium of Drosophila ovaries. 
 Ovaries of Drosophila females consist of several ovarioles containing chains of 
developing oocytes.  At the anterior tip of each ovariole, in the germarium, the germline 
stem cell divides asymmetrically to produce a new stem cell and a differentiating 
cystoblast.  Each cystoblast undergoes four rounds of incomplete mitotic divisions to 
generate a 16-cell cyst with intercellular junctions called ring canals (reviewed by 
McKim et al., 2002).  The germarium is divided into four regions – 1, 2a, 2b, and 3 – 
based on the morphology of the cysts present in each region.  As the cysts mature, they 
move down the germarium, taking on a more posterior position (reviewed by McKim et 
al., 2002).  This organization, while not absolute, allows comparison of oocytes at 
different stages of meiosis within a single germarium.  Meiotic prophase begins, and 
recombination is initiated, in region 2a of the germarium (reviewed by McKim et al., 
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Figure 7: SPN-A-Venus localizes to spermatogonial nuclei before and after exposure to 
30 Gy of γ-irradiation. Control spermatogonia in panels A and B. Irradiated 
spermatogonia in panels C and D.  DAPI staining is blue, panels A and C and SPN-A-
Venus is green merged with DAPI in panels B and D. Individual spermatogonial nuclei 
are outlined in white.  All images are at 1000x 
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Figure 8: SPN-A-Venus does not localize to S5 and S6 stage spermatocyte nuclei before 
or after γ-irradiation.  Control S5 stage spermatocytes are in panels A and B. 
Spermatocytes treated with30 Gy of γ-irradiation are in panels C (S5) and D (S6). DAPI 
is blue and SPN-A-Venus is green. All panels are combined DAPI and SPN-A-Venus and 
are at 1000x. 
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2002). Cysts at this stage are identified by the appearance of the synaptonemal complex 
(SC), visualized by staining with an antibody against the transverse element protein 
C(3)G (reviewed by McKim et al., 2002).  Only one cell within each 16-cell cyst will 
become the oocyte, while the others develop into nurse cells.  However, several cells 
within each cyst enter meiosis and initiate recombination (reviewed by McKim et al., 
2002). Ultimately all cells but the oocyte leave the meiotic pathway and the SC is 
maintained solely in the oocyte (reviewed by McKim et al., 2002).   
The requirement of SPN-A in Drosophila oogenesis is evidenced by the increased 
X-X nondisjunction rates in females where SPN-A expression has been partially inhibited 
by RNAi, as well as the failure of mutant oocytes to complete meiotic recombination 
(Yoo and McKee, 2005; Staeva-Vieira et al. 2003).  In spite of all the data collected on 
the role of SPN-A in female meiosis, its localization has never been determined in 
ovaries by immunofluorescence.   
In order to further examine the role of SPN-A in meiosis, we wanted to determine 
at which stage of development it is present.  Ovaries from female flies carrying the [SPN-
A-Venus] construct driven by nanos were examined for localization.  Nanos-driven 
constructs were used because they allow us to visualize spnA expression under the 
control of a native germ cell promoter, as opposed to Hsp70-driven constructs, which 
ubiquitously express SPN-A.  SPN-A was present in several cells within the germarium 
of the ovary, where meiotic recombination takes place, first ubiquitously throughout the 
nuclei, then localized as short ribbon-like structures and also as foci (Fig. 9 C).  Because 
this localization pattern is similar to that seen with the SC component C(3)G, we wanted 
to determine if SPN-A and C(3)G colocalized within the germarium.  
Immunolocalization experiments revealed a distinct temporal pattern of localization of 
these two proteins (Fig. 9 E).  C(3)G staining is present first, in early region 2a, in the 
two pro-oocytes (Fig. 9 B).  SPN-A staining is present shortly thereafter in mid region 2a, 
localizing to distinct ribbon-like structures in late 2a pro-oocytes and pro-nurse cells (Fig. 
9 C). Colocalization of the two proteins is first apparent in late region 2a/early 2b, in pro-
oocytes and pro-nurse cells.  By region 3 C(3)G is restricted to the oocyte, while SPN-A 
is present in the oocyte as well as the nurse cells (Fig. 9 E).  SPN-A localization remains  
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Figure 9: SPN-A and C(3)G colocalize in the germarium of SPN-A-Venus ovaries.  Panel 
A is a drawing of a representative ovariole adapted from a figure in Drosophila Protocols 
(Sullivan et al. 2000). Panel B is an antibody against C(3)G. Panel C is an antibody 
against GFP that recognizes SPN-A-Venus. Panel D is DAPI staining. Panel E is the 
merged image of B-D.  All images are at 1000x and are 3D deconvolved Z-stacks.  See 
text for description of staining. 
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until throughout region 3, but by vitellarium stage 4, when DSBs are thought to be 
repaired (Jang et al., 2003), distinct structures are no longer present (Fig. 9 C).  These 
observations are consistent with published studies that revealed synapsis occurs before 
the formation of DSBs in Drosophila female meiosis (Jang et al. 2003). 
 
Drosophila spermatocytes do not stain with acridine orange in response to γ-irradiation 
 The ability of multicellular organisms to eliminate damaged cells by apoptosis is 
crucial for viability.  Similarly, the removal of damaged germ cells via apoptosis ensures 
that cells containing extensive DNA DSBs are not allowed to continue meiotic 
progression ensures the fidelity of future progeny.  As the initiation of apoptosis is a key 
response to irradiation-induced damage in several tissues of Drosophila, we wanted to 
determine if it was also involved in the damage response of spermatocytes. 
 Apoptosis can be rapidly and reliably visualized using the vital dye acridine 
orange, and has been used to visualize apoptosis in many Drosophila tissues including 
the ovary (McCall and Peterson, 2004).  Acridine orange selectively stains apoptotic, not 
necrotic, cells and can be visualized by fluorescent microscopy using the FITC filter.  
The mode by which this dye preferentially stains dead cells is not known, although 
several possible mechanisms, including increased membrane permeability, seem 
plausible. 
Acridine orange staining in spermatocytes was examined in both live and fixed 
preparations before and after exposure to 30 Gy of γ-irradiation.  The staining results 
were the same in the live and fixed preparations.  This experiment was performed on four 
separate occasions and approximately 200 S5 and S6 spermatocytes were examined for 
acridine orange staining in control testes and irradiated testes in each experiment.  No 
acridine orange positive spermatocytes were present in either control (Fig. 10 A and B) or 
irradiated (Fig. 10 C and D) testes.  These data suggest late prophase spermatocytes do 
not initiate apoptosis in response to 30 Gy of γ-irradiation. 
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Figure 10: Control and irradiated spermatocytes from yw flies do not stain with acridine 
orange.  Control spermatocytes in panels A and B.  Spermatocytes treated with 30 Gy of 
γ-irradiation in panels C and D.  DAPI is in blue and Acridine Orange in green.  A and C 
are merged DAPI and acridine orange.  B and D are acridine orange only.  All images are 
from live preparations and are at 1000x.   
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Chapter 4-Discussion 
 Repair of double strand breaks in meiotic cells is thought to be of the utmost 
importance, as propagation of germ cells carrying these deleterious lesions can result in 
gametic aneuploidy and infertility.  Very little is known about the ability of Drosophila 
spermatocytes to respond to and repair exogenously induced double strand breaks.  Due 
to this gap in our knowledge we sought to investigate the DNA damage response of late 
prophase Drosophila spermatocytes.  We demonstrated here that Drosophila 
spermatocytes recognize MMS-induced and irradiation-induced DSBs by 
phosphorylating chromatin-associated histone variant H2Av, and delocalization of 
γH2Av at 24 hours suggests that a significant number of these induced DSBs are repaired 
within 24 hours.  We also show that the Drosophila Rad51 homolog, spnA, does not 
appear to be involved in the spermatocyte repair response.  In addition, spermatocytes 
exposed to 30 Gy of γ-irradiation did not react with acridine orange, suggesting they did 
not initiate apoptosis.  These results suggest that Drosophila spermatocytes are capable of 
recognizing and repairing induced DSBs, but repair of these breaks does not appear to 
include SPN-A.  Additionally, we demonstrated that SPN-A localized to the germarium 
of Drosophila ovaries, and that this localization occurred temporally after the localization 
of SC protein C(3)G.  These results support previous results suggesting that synapsis 
occurs before the initiation of meiotic recombination in Drosophila oogenesis (Jang et al. 
2003). 
 
H2Av phosphorylation in control spermatocytes and following induced DSBs 
 One of the earliest responses to DNA damage is the phosphorylation of H2A 
histone variants (reviewed by Fernandez-Capetillo et al. 2004). Treatment of 
spermatocytes in vivo with MMS or exposure to 30 Gy of γ-irradiation resulted in the 
phosphorylation of H2Av.  This phosphorylation was visualized as numerous foci present 
throughout the nucleus, indicating DSB formation was random and not restricted to any 
one area of the chromatin.  The exact role of γH2Av foci in chromatin is currently not 
known.  One possibility is that it serves to signal to other proteins in the cell of the 
presence of DSBs or to possibly to recruit other repair proteins to the site of the break, as 
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is the case with γH2AX in mammalian cells (Paull et al., 2000).  The significant increase 
in the number of γH2Av foci per cell following treatment with 5 Gy of γ-irradiation 
suggests that spermatocytes respond to fairly low doses of irradiation and that repair of 
these breaks takes longer than 30 minutes.  The significant increase, as compared to 
control cells and those treated with 5 Gy, in the number of foci per cell following 
exposure to 30 Gy implies that spermatocytes are also susceptible to damage induced by 
high doses of irradiation.  The presence of the numerous DSBs induced by high doses of 
ionizing radiation may require several hours to repair.  The significant decrease in the 
number of γH2Av foci 24 hours following treatment suggests that spermatocytes are 
capable of repairing γ-irradiation induced DSBs.  However the fact that the number of 
foci has not yet decreased to the control level suggests that it takes longer than 24 hours 
to repair all of the DSBs induced by 30 Gy of γ-irradiation.  In addition, these persistent 
γH2Av foci may correspond to particularly deleterious or hard to repair DSBs, as has 
been predicted to be the case in numerous human fibroblast cell lines (Maser et al.1997).  
These data imply that spermatocytes respond to the induction of DSBs by 
phosphorylating H2Av in a dose-dependent manner, and that this response is followed by 
repair of at least some of the induced DSBs.   
Of additional interest is the presence of γH2Av foci in control spermatocytes.  As 
Drosophila spermatocytes do not undergo recombination during meiosis, the presence of 
γH2Av foci is somewhat puzzling.  As mentioned previously, spermatocytes are highly 
transcriptionally active, and it is well known that multiple enzymatic activities are 
required for transcriptional activation.  Additionally, H2Av contains the globular region 
of histone variant H2AZ, which is thought to function in regulation of transcription 
(Leach et al. 2000).  Recently it was reported that DNA topoisomerase IIβ-dependent, 
site-specific, DSB formation is required in the signal-dependent activation of gene 
transcription by nuclear receptors as well as other classes of DNA-binding transcription 
factors (Ju et al. 2006).  Further, this study linked DNA topoisomerase IIβ-dependent 
DSBs and components of DNA repair machinery, specifically PARP-1, Ku70, Ku86, and 
DNA-PK, in regulated gene transcription (Ju et al. 2006).  While this study was 
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conducted using human MCF-7 cells and not insect cells, it may nonetheless be relevant.  
Perhaps γH2Av foci visualized in control spermatocytes could be due to active 
transcription, and might involve TOP2 induced DSBs.  One possibility is that the 
induction of transcription-related TOP2 induced breaks signals a repair response, which 
involves the phosphorylation of γH2Av and possibly recruitment of additional repair 
proteins, as is the case in MCF-7 cells.  Of course this is pure speculation at this point and 
further research on transcriptional regulation in Drosophila spermatocytes is necessary 
for verification.  Alternatively, these γH2Av foci may represent replication-induced DSB 
that have yet to be repaired, as premeiotic S-phase takes place in very early primary 
spermatocytes (Cenci et al. 1994). 
 
SPN-A localization in spermatocytes following the induction of DSBs  
In eukaryotes, the central protein in homologous recombination is RAD51, which 
catalyzes strand transfer between a broken sequence and its undamaged homolog to allow 
re-synthesis of the damaged region (review by Thacker 2005).  We generated N-terminal 
and C-terminal [SPN-A-Venus] fusion constructs to examine the role of SPN-A in the 
Drosophila spermatocyte response to γ-irradiation induced damage.  Due to the 
importance of intact DNA in germ cells, we anticipated repair in Drosophila 
spermatocytes to proceed through the relatively error free pathway of homologous 
recombination.  Surprisingly, we were unable to visualize SPN-A localization in 
spermatocytes either before or after exposure to 30 Gy of irradiation.  Previous research 
revealed that spnA mRNA is expressed at a very low level in the testes of Drosophila 
(McKee et al 1996).  In fact expression in the testes is lower than expression in the male 
fly as a whole.  This could explain why we were unable to visualize SPN-A-Venus when 
transcription was driven by the native germ cell promoter nanos.  However, our inability 
to visualize SPN-A-Venus under overexpressing conditions using the Hsp70 promoter is 
puzzling.  This could be due to rapid turn over of the protein, or perhaps, the localization 
is so diffuse we are unable to visualize it with our current GAL4 drivers or protocols.  We 
were, however, able to visualize localization of nanos-driven SPN-A to nuclear foci in 
spermatogonial cells.  As discussed in the introduction, previous studies have shown that 
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repair of P-element induced DSBs in premeiotic germ cells proceeds through HR, 
specifically SDSA, and is dependent upon the presence of spnA.  While the SPN-A foci 
present in spermatogonia are not due to P-element excision, it nevertheless tells us that 
our construct is being expressed.  The SPN-A foci present in control spermatogonia may 
be due to DSBs produced by endogenous agents, such as replication-induced breaks or 
reactive oxygen species.  Previous research revealed that RAD51 foci are found in 
undamaged S-phase cells, where they are thought to identify sites where stalled or broken 
replication forks undergo repair (Tarsounas et al. 2004).  However the reason for SPN-A 
localization in premeiotic germ cells is not clear and requires further examination.  
Regardless of the reason, the presence of SPN-A foci in spermatogonia suggests that our 
inability to visualize SPN-A-Venus in spermatocytes was not due to overall lack of 
transcription of our construct.  Rather, our results suggest that treatment of spermatocytes 
with a relatively high dose of ionizing radiation does not lead to localization of SPN-A.  
Recently reported results of one genetic study investigating DSB repair in Drosophila 
prophase spermatocytes suggest that DSBs induced at this stage of spermatogenesis are 
repaired primarily via the nonhomologous end-joining pathway (Preston et al. 2006). 
This is the first published study on the method of repair used by prophase spermatocytes 
and provides the groundwork for more detailed investigations on the proteins involved in 
the NHEJ repair pathway in Drosophila spermatocytes.  The results of this study coupled 
with our inability to localize SPN-A to prophase spermatocytes following irradiation, 
suggest if SPN-A-dependent homologous recombination is involved in DSB repair of 
Drosophila spermatocytes, it is not the primary response. 
 
SPN-A localization in Drosophila ovaries 
 In spite of the numerous published studies that have investigated the role of SPN-
A in female meiosis, it has not been localized to a specific stage of Drosophila oogenesis 
until now.  Our localization data support previous reports implying a role for SPN-A in 
female meiosis. Similarly, the abundance of staining and its specific localization suggest 
it plays a major role in meiotic recombination.  The temporal localization of SPN-A 
coincides with previous research that suggests synapsis occurs before the initiation of 
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meiotic recombination in Drosophila females (reviewed by McKim et al., 2002).  Our 
construct can be of great value to the field of Drosophila oogenesis, as it can be used to 
investigate the interplay between SPN-A and other spindle proteins, such as SPN-B and 
OKRA, which are highly expressed in oocytes (reviewed by McKim et al., 2002).   
Furthermore, many investigators have proposed that homolog pairing in meiosis 
involves a homology search mediated by HR proteins, such as RAD51.  These models 
presume chromosome pairing and the initiation of recombination are simultaneous.  
Recent studies suggest this is not the case in Drosophila females, as synapsis has been 
shown to occur before the introduction of DSBs, and chromosome pairing and synapsis 
are normal in mei-W68 mutants (mei-W68 is the Drosophila Spo11 homolog) (reviewed 
by McKim et al., 2002). However, these findings do not rule out the possibility that SPN-
A and other components of the HR pathway are required for chromosome pairing, 
independent of their role in recombination.  Though, if this were true, SPN-A would 
localize to chromosomes before the onset of synapsis, and therefore before C(3)G.  Data 
presented here refute this possibility and therefore argue against a role of SPN-A in 
meiotic pairing.  Future experiments will need to carefully examine the synapsis (and if 
possible, pairing), phenotypes of spnA (and other HR) mutants.  Our data predict that 
pairing and synapsis should be unaffected, at least in spnA mutants.  Thus the generation 
of this construct is an important step toward a complete understanding of meiotic 
chromosome pairing in Drosophila females and will play an important role in future 
experiments performed in our lab. 
 
Apoptosis in spermatocytes following exposure to γ-irradiation 
 Apoptosis is frequently a response to irreparable DNA damage.  Also, 
programmed cell death is an important aspect in Drosophila development, and the ability 
to recognize apoptotic cells using vital dyes, such as acridine orange, has been well 
documented (Abrams et al., 1993).  Apoptosis during Drosophila spermatogenesis has 
not been well characterized, therefore it is currently unknown if it is a natural process 
during male meiosis. Studies on spermatid differentiation have revealed that this process 
is apoptosis-like and requires the action of numerous proteins also involved in the 
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regulation of apoptosis in other cell systems (Arama et al., 2003). However, this is the 
only cell type in Drosophila testes in which apoptosis has been shown to occur. 
Therefore the susceptibility of the various other cell types present throughout 
spermatogenesis to apoptosis is not known.  Because of this, we decided to examine 
Drosophila testes 4 hours following 30 Gy of γ-irradiation with the vital dye acridine 
orange.  We were unable to locate any acridine orange positive spermatocytes, either 
before or after irradiation.  These data could be interpreted in several ways.  First, it could 
be that spermatocytes do not undergo apoptosis in response to γ-irradiation, as is the case 
with isolated mouse spermatocytes (Matulis and Handel, 2006).  Second, acridine orange 
staining may not be an effective way of analyzing apoptosis in Drosophila 
spermatocytes.  However, it has been shown to be an effective method of detecting 
apoptotic cells in Drosophila embryos, imaginal wing discs, and ovaries (Abrams et al., 
1993; Ciapponi et al., 2004, McCall and Peterson, 2004).  Third, but less likely, is the 
possibility that spermatocytes are not capable of initiating an apoptotic response.  Perhaps 
apoptosis plays no role in normal spermatogenesis and therefore these cells are incapable 
of initiating apoptosis in response to exogenous stimuli, and instead die by necrosis.  
Further research is needed on the role of apoptosis during the course of Drosophila 
spermatogenesis before these results can be fully understood. 
 
Do spermatocytes repair exogenously induce DNA damage?  
 Evidence is provided here that treatment of larvae with 0.1% MMS results in an 
approximate 2-fold increase in the number of γH2Av foci per spermatocyte, as compared 
to control spermatocytes, indicating an increase in the number of DSBs.  Furthermore, the 
exposure of spermatocytes in vivo to γ-irradiation resulted in a dose-dependent increase 
in the average number of γH2Av foci per cell, thereby suggesting a dose-dependent 
increase in the number of induced DSBs.   The persistence of these breaks above control 
levels 24 hours after treatment with irradiation suggests that complete repair of the 
multiple DSBs induced with 30 Gy is not achieved within this time frame.  This may be 
related to the abundance of DSBs, slow repair kinetics in Drosophila spermatocytes, or 
DSBs refractory to repair.  However, as the kinetics of DSB repair in Drosophila germ 
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cells is currently unknown, it is difficult to make the distinction.  Examining the effect of 
additional radiation doses on γH2Av foci formation and allowing longer time periods for 
repair may allow a more definitive prediction.   Nonetheless, the decrease in γH2Av foci 
24 hours following treatment is statistically significant.  Assuming, as we have, that this 
decrease is due to DSB repair, our work provides the basis for an assay for DNA repair in 
Drosophila spermatocytes that will be useful for detailed studies of the genetic basis for 
repair of DSBs in spermatocytes.   
Our inability to localize SPN-A to Drosophila spermatocytes indicates it is not 
involved in repair of γ-irradiation induced damage.  However, we are unable to rule out 
the possibility of repair of DSBs by other HR proteins, such as SPN-B and/or SPN-D.  
Nevertheless, it is important to determine if the number of γH2Av foci in spnA mutant 
spermatocytes decreases over 24 hours, as is the case with yw control spermatocytes.  We 
would expect this to be the case if in fact SPN-A is not involved in irradiation-induced 
repair.  Similar experiments could also be performed with spnB and spnD mutants.  The 
results of one recent study suggest that Drosophila prophase spermatocytes are capable of 
repairing induced DSBs, and that the primary pathway by which this occurs is NHEJ 
(Preston et al., 2006).  As RecA-like proteins are not believed to be involved in NHEJ 
(reviewed by Jackson et al., 2002), our inability to localize SPN-A in spermatocytes is 
consistent with these findings.  The data from our study, coupled with the data presented 
in Preston et al. (2006), suggest that spermatocytes are capable of responding to and even 
repairing induced DSBs, but the exact proteins responsible for this process remain 
unknown.  Further research examining the localization of proteins specific for NHEJ in 
control and treated spermatocytes is imperative.  Hopefully these experiments, as well as 
analysis of repair in NHEJ mutants, will shed more light on the repair process of 
Drosophila spermatogenic cells and the involvement of these proteins in normal 
spermatogenesis. 
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Chapter 5-Investigation of DNA damage sensitivity of pairing failure 
mutants 
As discussed in previous chapters, the molecular mechanism of homologous 
chromosome pairing in Drosophila males is currently unknown.  The most thoroughly 
characterized meiotic pairing site is that of the X and Y chromosomes, which has been 
localized to the 240-bp repeated sequence present in the intergenic spacers of the rDNA 
genes (McKee et al., 1996).  Pairing sites of the autosomes are thought to be widely 
distributed throughout the euchromatin as suggested by genetic analysis, but as of yet 
have not been molecularly identified (McKee et al., 1993).  In addition, the molecular 
mechanisms by which homologous chromosomes remain associated with one another in 
the absence of meiotic recombination are also unidentified.  The primary reason 
clarification of these mechanisms have eluded geneticists is that only three genes required 
for these actions have been identified thus far. snm and mnm are required for proper 
segregation of all four pairs of homologous chromosomes in meiosis I (Thomas et al., 
2005), and teflon is required for proper segregation of autosomes at meiosis I (Tomkiel et 
al., 2001). Compounding this, the abundance of candidate genes involved in homology-
dependent pathways, particularly homologous recombination repair, meiotic 
recombination, and chromosome synapsis, are not essential for homolog pairing and 
segregation in male meiosis (McKee, 2004). 
 In order identify genes responsible for chromosome pairing and segregation in 
Drosophila males, several mutant fly strains carrying highly mutagenized (EMS), 
balanced, second and third chromosomes (Koundakjian et al., 2004) were screened, by 
genetic means, for elevated loss of the paternal fourth chromosome (Wakimoto et al., 
2004).  Strains identified by this screen were believed to carry mutations in genes 
involved in homologous chromosome pairing and/or segregation during male meiosis.  
Our laboratory analyzed 45 of the identified 62 mutant lines in order to identify the genes 
responsible for this pairing failure.  Each mutant gene present in our laboratory was 
subsequently referred to as pairing failure 1-9, and collectively account for 25 of the 45 
lines because several of the genes have multiple alleles. 
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 In order to determine if any mutations in pf-1, pf-2, pf-5 or pf-6 were present in 
genes responsible for DNA repair, trans-heterozygotes of two mutations for each gene 
were made (e.g. pf-1 (allele one) x pf-1 (allele two), pf-2 (allele 1) x pf 2 (allele 2), etc).  
As our control, pf-1 and pf-2 were crossed and pf-5 and pf –6 were crossed.  Progeny 
from the pf-1 x pf 2 cross are wild-type with respect to genes for pf-1 and pf-2, but 
homozygous for any background mutations present on the mutant Z3 progenitor 
chromosome (EMS mutagenized chromosome 3 from original lines). The same is true of 
the progeny from the pf-5 x pf-6 cross.  This allowed us to control for the presence of any 
background mutations that may cause increased sensitivity to irradiation.  The “wild-
type” control progeny and the trans-heterozygote mutant progeny were examined for 
increased sensitivity to low doses of γ-irradiation (2 Gy and 5 Gy).  This type of assay 
(with corresponding doses) is commonly used in Drosophila to determine the 
involvement of proteins from mutant genes in somatic DNA repair (Staeva-Vieira et al., 
2003; Abdu et al., 2003, Kooistra et al., 1999).  If the mutant protein is required for DNA 
DSB repair, then the overall number of homozygous mutant progeny (in our case trans-
heterozygous mutant progeny) will be significantly lower than the number of the 
heterozygous siblings.  However, if the mutant protein is not involved in DNA repair, the 
overall number of homozygous mutant progeny should be approximately the same as that 
of the heterozygous siblings. 
 The mutations present in pf-1, pf-2, pf-5, and pf-6 are located on chromosome 
three and are maintained with a chromosome three balancer, specifically TM6.  TM6 
carries the dominant marker Tubby, which, when present, results in larvae, pupae, and 
adult flies with short, fat bodies.  This marker is most easily scored at the pupal stage of 
development.  Thus trans-heterozygous mutant or “wild-type” pupae have the wild-type 
shape, while heterozygous siblings exhibit the dominant Tubby phenotype. 
 Parent flies from each cross were allowed to lay eggs for approximately 3 days 
and then removed.  The resulting embryos were then treated with either 2 Gy or 5 Gy of 
γ-irradiation and allowed to develop until the pupal stage.  Resulting pupae from each 
cross were scored according to the presence (+/-) or absence (-/-) of the dominant Tubby 
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marker.  The results of the pf-1 and pf-2 crosses are presented in Table 3, pf-1 is 
designated as snm and pf-2 is designated as mnm.  The results of the pf-5 and pf-6 crosses  
are represented in Table 4, pf-5 is designated as asp and pf-6 is designated as sun.  The 
superscripts represent the allele tested. 
 Multiple pairs of alleles of each pf gene were examined in two independent 
experiments for increased sensitivity to low doses of γ-irradiation.  Regardless of the 
allele combinations, we were unable to detect a significant decrease (as evidenced by the 
X2 contingency test and chi squared analysis) in the number of trans-heterozygous 
mutants (Tubby+ progeny), as compared with “wild-type” controls following exposure to 
2 Gy or 5Gy of γ-irradiation.  Therefore, these results suggest that none of the examined 
pairing failure mutations are present in genes whose protein products are required for the 
repair of γ-irradiation-induced double strand breaks in somatic cells.  Prior to this study, 
the genes mutated in pf-1 and pf-2 were identified and named Stromalin in Meiosis 
(SNM) and Modifier of mdg4 in Meiosis (MNM), respectively, based on homology to 
previously identified genes (Thomas et al., 2005).  SNM and MNM were found to be 
meiosis-specific, supporting our findings that they are not involved in repair of somatic 
DSBs, and are required for proper segregation of all four pairs of homologous 
chromosomes in male meiosis (Thomas et al., 2005).  Similarly, the gene mutated in pf-6 
was identified and also found to be meiosis specific, therefore not required for somatic 
DNA damage repair. This gene was subsequently named sisters undone (SUN) and is 
currently being further characterized, however, SUN appears to be necessary for proper 
segregation of sister chromatids in meiosis I and meiosis II.  Subsequent to our study, pf-
5 was shown to be a previously identified gene, abnormal spindle (asp) (Casal et al., 
1990).  However, our alleles of asp are unique in that they appear less severe; as 
previously identified alleles are homozygous lethal.  The absence of this gene product in 
our alleles does not appear to adversely affect somatic DNA DSB repair, suggesting ASP 
is not involved in DSB repair. 
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 Table 3:  pf-1 and pf-2 are not involved in repair of γ-irradiation induced damage in 
somatic cells.   
 
  Progeny     
Crosses and Treatment % Control  % Mutant N* p value**
          
snmZ3-3426/TM6 x snmZ3-2138/TM6 snm/TM6 snmZ3-3426/snmZ3-2138     
Control 66% 34% 405   
2 Gy 61% 39% 120 > 0.9 
5 Gy 69% 31% 289 > 0.9 
          
mnmZ3-3298/TM6 x mnmZ3-5578/TM6 mnm/TM6 mnmZ3-3298/mnmZ3-5578     
Control 63% 37% 217   
2 Gy 63% 37% 51 > 0.8 
5 Gy 60% 40% 173 > 0.8 
          
mnmZ3-3298/TM6 x snmZ3-3426/TM6 snm or mnm /TM6 mnmZ3-3298/snmZ3-3426     
Control 61% 39% 72   
2 Gy 69% 31% 70 > 0.7 
5 Gy 61% 39% 190 > 0.7 
 
* N = Total number of nuclei scored 
** p value determined by Chi square analysis 
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 Table 4:  pf-5 and pf-6 are not involved in repair of γ-irradiation induced damage in 
somatic cells.   
 
  Progeny     
Crosses and Treatment % Control % Mutant N* p value**
          
aspZ3-5502/TM6 x aspZ3-5468/TM6 asp/TM6 aspZ3-5502/aspZ3-5468     
Control 66% 34% 88   
2 Gy 72% 28% 120 > 0.7 
5 Gy 63% 37% 52 > 0.7 
          
sunZ3-1550/TM6 x sunZ3-5839/TM6 sun/TM6 sunZ3-1550/sunZ3-5839     
Control 60% 40% 100   
2 Gy 70% 30% 50 > 0.8 
5 Gy 67% 33% 55 > 0.8 
          
aspZ3-5468/TM6 x sunZ3-5839/TM6 asp or sun /TM6 aspZ3-5468/sunZ3-5839     
Control 72% 28% 89   
2 Gy 69% 31% 93 > 0.9 
5 Gy 68% 32% 31 > 0.9 
          
sunZ3-1550/TM6 x aspZ3-5502/TM6 sun or asp/TM6 sunZ3-1550/aspZ3-5502     
Control 79% 21% 98   
2 Gy 56% 44% 16 > 0.1 
5 Gy 75% 25% 52 > 0.9 
 
* N = Total number of nuclei scored 
** p value determined by Chi square analysis 
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Chapter 1-Conclusions 
The meiotic differences between the laboratory mouse and Drosophila melanogaster  
 The purpose of this study was to examine the DNA damage response of prophase 
spermatocytes in two species: the laboratory mouse and Drosophila melanogaster.  
Spermatogenesis in these two organisms proceeds through the same basic steps: 
proliferation, division, and differentiation. However, the division phase in these two 
organisms involves several key differences.  These differences reside primarily within 
prophase I of the division phase. 
As discussed earlier, during prophase several important changes in chromatin 
architecture take place.  In the majority of eukaryotic organisms, it is during this stage 
that meiotic recombination takes place.  Recombination, or the formation of crossovers, 
ensures proper segregation of homologous chromosomes at MI, as well as providing 
genetic diversity.  Meiotic recombination involves the regulated introduction of double 
strand breaks into prophase chromatin.  Subsequent to the induction of DSBs, repair 
proteins localize to the damaged sites and process the breaks by homologous 
recombination to yield either crossovers or gene conversion events.   
During early prophase in mouse spermatogenesis meiotic recombination begins 
and homologous chromosomes pair via a proteinaceous structure termed the 
synaptonemal complex (SC).  Homologous recombination (HR) proteins are thought to 
be very important for successful progression from early prophase, when double strand 
breaks are induced, homologous recombination begins, and chromosomes begin to 
synapse, to late prophase, when synapsis is complete and recombination is resolved as 
crossovers (reviewed by Cohen and Pollard, 2001).   
Prophase in Drosophila spermatogenesis proceeds quite differently.  Detectable 
meiotic recombination does not take place (Morgan, 1912; Wolf, 1994) and pairing 
proceeds without the formation of a detectable synaptonemal complex (Rasmussen, 
1973).  Meiotic chromosomes appear to enter prophase already paired; therefore SC 
formation is not believed to be required for synapsis (Vazquez et al., 2002).  In addition, 
recent studies imply that the meiotic pairing mechanism in males is independent of the 
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homologous recombination pathway (McKee et al., 2000; Yoo and McKee, 2005).  
Similarly, in the absence of recombination, HR repair proteins do not appear to be 
required for prophase progression, and detectable crossovers are not formed (Morgan, 
1912; Wolf, 1994).  As the formation of crossovers is important to maintain homologous 
chromosomes in close proximity until the onset of division, additional proteins are 
required to accomplish this in Drosophila spermatocytes.  Proteins Stromalin in Meiosis 
(SNM) and Modifier of mdg4 in Meiosis (MNM) and Teflon are responsible for keeping 
homologs joined until anaphase I (Thomas et al., 2005; Tomkiel et al., 2001). 
These fundamental differences between these two meiotic systems prompted us to 
investigate the capacity of late prophase spermatocytes from each species to recognize 
and repair exogenously induced DSBs.  To avoid overlap with recognition and the early 
stages of repair of meiotic DSBs in the mouse, mid-late pachytene spermatocytes were 
used in our study.  Prophase I in Drosophila is divided into six substages S1-S6 based on 
nuclear size and chromosome movement.  We chose to investigate late prophase stages 
S5 and S6, as these stages are most closely related to mid-late pachytene spermatocytes 
temporally.   Specifically, we wanted to determine if late prophase mouse spermatocytes 
were capable of recognizing and repairing DSBs several days after these repair processes 
were initiated.  Are they able to re-recruit the repair proteins used during meiotic 
recombination?  Will the presence of DSBs lead to the initiation of apoptosis?  
Alternatively, are Drosophila spermatocytes capable of recognizing DSBs?  Can they 
recruit repair proteins to damaged chromatin?  Or will the presence of DSBs lead to 
apoptosis?   
These questions were addressed in mouse pachytene spermatocytes in vitro in the 
absence of Sertoli cells, somatic cells of the testes.  Mouse pachytene spermatocytes were 
isolated, cultured overnight, treated with either etoposide or γ-irradiation and examined.   
As the parameters of cell isolation and culture of germ cells are not as well defined in 
Drosophila, larvae or adult files were treated in vivo with either MMS or γ-irradiation 
and testes subsequently dissected for examination. 
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The role of histone H2A variants in repair of DSBs in mouse and Drosophila 
spermatocytes 
As the phosphorylation of H2A variant histones is one of the earliest steps in the 
recognition and repair of DSBs, it was this chromatin modification that we examined 
first.  Mice lacking H2AX show increased genetic instability and sensitivity to radiation, 
and mutant males are sterile, attesting to an important role in DNA repair and 
spermatogenesis (Celeste et al., 2002).  Deletion of H2Av in Drosophila is homozygous 
lethal, indicating it is important for development (van Daal and Elgin, 1992).  However, 
flies carrying a deletion of the C-terminal phosphorylation site are viable and males are 
fertile, but imaginal disc cells of flies expressing this mutant allele exhibited increased 
sensitivity to radiation-induced apoptosis (Madigan et al., 2002).  These results attest to 
the important role of H2Av phosphorylation in repair of radiation-induced double strand 
breaks.  Following the induction of DSBs by chemicals or ionizing radiation, the 
phosphorylation of histone variants was evident in both species.  These results indicate an 
evolutionary conserved mechanism for signaling the presence of DSBs in meiotic germ 
cells.  In fact, the C-terminal SQ motif is present in H2A histone variants from yeast to 
human (reviewed by Li et al., 2005). Interestingly, staining patterns differ in 
spermatocytes from the two species following treatment, with γH2AX staining in mouse 
spermatocytes present in a global pattern throughout the nucleus, as opposed to the 
distinct γH2Av foci present in Drosophila spermatocytes.  The difference in the degree of 
staining could indicate relative susceptibility of spermatocytes to DSBs in the two 
species.  However, this dissimilarity in staining could also be due to the manner in which 
the spermatocytes were treated.  Drosophila spermatocytes treated in vivo may be less 
susceptible to damage due to protection by the somatic cyst cells, or the ability of the 
organism to metabolize MMS, whereas mouse spermatocytes were isolated and treated in 
vitro, without the benefit of somatic cells.  While the results of our mouse work indicate 
the DNA damage response is germ cell autonomous, we cannot rule out the possibility 
that in the presence of Sertoli cells the response/protein recruitment would have been less 
dramatic.   
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In the case of MMS treatment, larvae were exposed to the mutagen from the time 
of hatching.  While the larvae were provided with a constant supply of MMS, the 
chemical is thought to only be stable in aqueous solutions for approximately 70 hours 
(food contains high amount of water) (Ashburner, 1989), and the time of development 
from hatching to third instar larva is approximately 96 hours.  Thus it is entirely possible 
that the concentration of the MMS in the food decreases over time, thereby affecting its 
toxicity, which may result in quicker metabolism of chemical by the larvae.  In contrast, 
while isolated mouse spermatocytes were treated with etoposide for only six hours, the 
individual cells may not be capable of removing the poison and thus the presence of the 
same DSBs were constant for the entire treatment period.  Thus, differences in 
metabolism may affect the overall number of DSBs present when spermatocytes were 
analyzed. As the degree of H2AX and H2Av phosphorylation is directly related to the 
severity of damage (Sedelnikova et al., 2002), these data suggest that the DSBs induced 
in the presence of the whole organism are less severe than those induced in isolated cells.  
However, additional research on the metabolism of etoposide and MMS in spermatocytes 
will be required before can concrete conclusions can be drawn.    
Alternatively, the differential staining patterns could be due to an overall 
difference in phosphorylation response in the two species.  In mammalian cells, H2AX 
phosphorylation spreads over a distance of several megabases from the damaged site 
(reviewed by Fernandez-Capetillo, 2004), which could explain the high degree of 
staining in mouse spermatocytes.  However, this spreading of phosphorylation has not yet 
been reported for H2Av phosphorylation in insect cells.   
 
RecA-like proteins in the repair of induced DSBs in mouse and Drosophila 
spermatocytes 
Because RAD51 is a central enzyme in homologous recombination, we examined 
its localization in treated spermatocytes to determine if it was involved in repair of 
exogenously induced DSBs.  As the homologous recombination pathway is relatively 
error free, it seems the logical pathway for germ cells to follow in order to ensure the 
fidelity of genetic material.  Deletion of mouse RAD51 results in embryonic lethality, 
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suggesting an important role in development, and precluding detailed investigation of its 
role in meiosis (Tsuzui et al., 1996).  Deletion of Drosophila spnA is compatible with 
survival, but results in increased larval sensitivity to MMS and X-rays and female 
sterility (Yoo and McKee, 2005; Staeva-Vieira et al., 2003), suggesting a role in somatic 
and meiotic DSB repair.  However, males are fertile and sex chromosomes and 
autosomes disjoin at control frequency, implying SPN-A is not involved in meiotic 
pairing (Staeva-Vieira et al., 2003; Yoo and McKee, 2005).   
In mouse spermatocytes, RAD51 was recruited to etoposide-treated and γ-
irradiated chromatin in a dose-dependent manner.  These data suggest mouse 
spermatocytes initiate a RAD51-related repair response to DSBs induced following the 
repair of meiotic recombination-related breaks.  However, induced DSB repair as 
assessed by our assay appeared to be incomplete, thus the capability of late prophase 
mouse spermatocytes to completely repair damage remains unknown. 
In contrast, SPN-A, the Drosophila RAD51 homolog, could not be localized to 
spermatocyte chromatin either before or after treatment with γ-irradiation.  However, our 
ability to localize nanos-driven SPN-A-Venus to spermatogonia verifies the transcription 
and expression of our fusion protein.  Furthermore, other nanos-driven and heat shock70-
driven fusion constructs have been used in our laboratory to localize spermatocyte 
specific proteins with great success.  Therefore our inability to visualize SPN-A in 
prophase spermatocytes could be the result of rapid turnover of the protein due to a lack 
of function in control spermatocytes and the repair of irradiation-induced DSBs.  
Alternatively, our failure to visualize SPN-A in control or irradiated spermatocytes may 
be due to minimal or diffuse staining that could not be detected using our current 
protocols.  Regardless, given the abundance of DSBs, as evidenced by the number of 
γH2Av foci, if SPN-A is involved in Drosophila spermatocyte damage response, we 
expected to be able to visualize it as clearly in spermatocytes as we did in spermatogonia.  
Therefore, our data suggest that repair of induced DSBs in the Drosophila prophase 
spermatocyte does not include SPN-A.  However, we cannot rule out the possibility that 
other RecA-like proteins, such as SPN-B or SPN-D, are involved in spermatocyte DNA 
damage repair.   
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Taken together, these data suggest repair responses of spermatocytes from these 
two species involve different proteins.  Mouse spermatocytes initiate a repair response 
involving the RecA-like protein RAD51, while the repair response in Drosophila 
spermatocytes does not appear to include the RecA-like SPN-A.   
 
The apoptotic response of mouse and Drosophila spermatocytes to induced DSBs 
The ability of multicellular organisms to eliminate severely damaged cells via 
apoptosis is essential for survival.  However, studies in mutant flies have revealed that 
during Drosophila development, the ability to repair radiation damage is more important 
for survival than the ability to halt the cell cycle and eliminate cells via apoptosis, 
suggesting an important role for repair proteins in larval development (Jaklevic and Su, 
2004).  Nonetheless the ability to eliminate unnecessary or damaged cells by apoptosis 
during development is equally important in both species.  Apoptosis plays a vital role 
during mouse spermatogenesis, functioning to ensure that each Sertoli cell supports a 
predetermined number of germ cells (Print and Loveland, 2000). Also, in vivo treatment 
of mouse germ cells with genotoxic chemicals such as etoposide and adriamcyin results 
in stage specific apoptosis (Sjoblom et al., 1998).  We observed apoptosis after treating 
pachytene spermatocytes in vitro with etoposide.  In contrast, very little is known about 
the role of apoptosis in Drosophila spermatogenesis.  Individualization of Drosophila 
spermatids occurs by an apoptosis-like mechanism and involves several proteins required 
for apoptosis in somatic cells (Arama et al., 2003).  However to our knowledge there are 
no published studies investigating the mechanism of cell death in Drosophila 
spermatocytes.   
Mouse and Drosophila spermatocytes were treated with γ-irradiation and 
examined for the initiation of apoptosis.  Following treatment of mouse spermatocytes 
with 60 Gy of γ-irradiation, there was no increase in the number of apoptotic cells as 
compared to controls. Similarly, Drosophila spermatocytes did not initiate apoptosis 
following exposure to 30 Gy of γ-irradiation.  These data suggest that spermatocytes from 
both species are relatively resistant to killing by ionizing radiation. However the exact 
mechanism of this resistance is still under investigation, and could be due to efficient 
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repair, as suggested by our protein localization data, or cell cycle arrest.  However, the 
apoptosis data collected on Drosophila spermatocytes must be interpreted with caution as 
very little is known about the capacity of these cells to undergo apoptosis and our 
investigation employed only one assay.  Indeed, we employed several different assays 
before finding one that reliably detected apoptosis of mouse spermatocytes. 
 
Concluding Remarks 
 Spermatocytes from two species, the laboratory mouse and Drosophila 
melanogaster, were examined for their capacity to recognize and respond to induced 
DNA double strand breaks.  Even though these two meiotic systems differ in their 
requirement for repair proteins in chromosome pairing, we hypothesized that prophase 
spermatocytes from both species would be able to recognize and respond to the induction 
of DSBs.   This was accomplished by monitoring the recruitment of two important repair 
proteins to damaged chromatin.  Because the phosphorylation of H2A histone variants is 
thought to correspond 1:1 with the presence of DNA double strand breaks (Sedelnikova 
et al., 2002), we used the induction of γH2AX and γH2Av to verify recognition of 
damage by prophase spermatocytes.  Because the propagation of damaged DNA can lead 
to chromosomal mutations, aneuploidy, and even cancer, we reasoned that repair in germ 
cells would occur by the relatively error free homologous recombination pathway.  To 
test this hypothesis, we investigated the localization of one of the central proteins 
involved in this process, RAD51, following the induction of double strand breaks 
(reviewed by Jackson, 2002).  However, we realize that the localization of only one of the 
many proteins required for HR does not provide absolute proof of the use of this 
pathway.  Although it is likely that DNA damage in germ cells could also be repaired by 
other pathways (Preston et al., 2006), we did not test for the presence of other DNA 
repair-related proteins in our experiments. 
Spermatocytes from both species recognized the induction of DSBs from 
treatment with chemicals or exposure to ionizing radiation by phosphorylating the C-
terminal tail of H2A variant histones, H2AX in the mouse and H2Av in Drosophila.  
These results suggest that mouse and Drosophila spermatocytes recognize the presence 
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of induced DSB by modifying chromatin by a mechanism that is evolutionarily 
conserved.  Similarly, our results suggest spermatocytes from both species appear to be 
relatively resistant to killing by γ-irradiation.  In contrast, our results imply that only 
mouse spermatocytes recruit RAD51 to damaged chromatin.  This result was anticipated 
as RAD51 is thought to play an important role in meiotic recombination in the male 
mouse and is abundant in prophase chromatin, where it is thought to identify sites of 
SPO11-induced DSBs (Moens et al., 1997).  Recombination related DSBs are believed to 
be initiated and repaired in early prophase and it would be logical to repair DSBs induced 
in later stages of prophase in the same manner as those induced earlier.   In contrast, our 
inability to detect localization of SPN-A to damaged chromatin in Drosophila 
spermatocytes was surprising, as this protein is believed to be involved in repair of 
meiotic DSBs induced during female meiosis and in repair of double strand breaks during 
larval development (Staeva-Vieira et al., 2003; Yoo and McKee, 2005).  However, 
genetic studies have recently revealed the preference of Drosophila prophase 
spermatocytes to repair induced DSBs by nonhomologous end joining (NHEJ) (Preston et 
al., 2006).  Using transgenic flies carrying a reporter construct, Preston et al. (2006) were 
able to measure the relative usage of several DSB repair pathways during male germ line 
development.  They found that SSA is the primary pathway for repair early in germ line 
development but its usage declines just before meiosis, when NHEJ becomes the primary 
pathway.  Also they found that homologous recombination, or conversion repair, is rarely 
used in the early and late stages of germ line development, but is quite frequent during 
zygotic stages (Preston et al., 2006).  This reporter construct will be beneficial, as it can 
be used to determine which DSB repair pathways are affected by the numerous DNA 
repair mutations (Preston et al., 2006).  Interestingly, RecA-like proteins, such as RAD51 
and SPN-A, are not believed to be involved in NHEJ.  The results of this genetics study, 
coupled with the data suggesting HR proteins are not required for chromosome pairing 
during male meiosis, the low level of spnA and okra mRNA in Drosophila testes, and our 
inability to localize SPN-A to prophase spermatocytes all suggest that the proteins 
necessary for homologous recombination repair may not be readily available in prophase 
spermatocytes, leaving error-prone repair as the only viable pathway.  As DSB repair can 
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prove deleterious to the cell, it is thought that the cell can minimize this effect by 
choosing the most faithful repair pathway available.  While an error-prone pathway may 
not seem the best choice for germ cells, it is perhaps a better choice than no repair at all. 
  Data presented in this dissertation suggest that the recognition of exogenously 
induced DSBs by prophase spermatocytes in the laboratory mouse and Drosophila 
melanogaster occurs in an evolutionarily conserved manner; however the involvement of 
RecA-like proteins in the repair of this damage appears to differ.  Further research on 
protein responses to induced DNA double strand breaks in spermatocytes of both species 
is needed before the exact repair pathways can be identified.  In addition, as repair in both 
systems appeared to be incomplete in the time allotted, as evidenced by the continued 
presence of γH2AX and γH2Av, further research on the kinetics of DNA repair in 
spermatocytes is needed before we can determine if complete repair of DSBs induced 
during late prophase is possible.  Understanding how these multifaceted cells respond to 
the induction of DNA damage can provide us with a more through understanding of the 
complex mechanisms governing meiotic progression and male fertility, and help us 
design better treatments for testicular cancer, getting us one step closer to eradication of 
this disease.  
 
Evolutionary considerations of meiotic checkpoints 
 Checkpoints exist to prevent cells with damaged DNA or unpaired chromosomes 
from undergoing division (Hartwell and Weinert, 1989).  In mitotic cells, repair of DNA 
damage must occur before chromosome condensation and cell division in order to 
maintain genomic integrity and, ultimately, cell survival.  In meiotic cells, these 
checkpoints are thought to guard against the production of aneuploid or otherwise 
chromosomally defective gametes (Hassold and Hunt, 2001).   
In the male mouse, meiotic checkpoints are thought to monitor chromosome 
synapsis and DNA fidelity.  Male mice deficient in the synaptonemal complex protein 
SYCP3 are infertile due to arrest of spermatogenesis at the zygotene stage of prophase I 
and initiation of apoptosis, thought to occur due to the failure of homologous 
chromosomes to properly pair (reviewed by Baarends and Grootegoed, 2003).  Similarly, 
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spermatocytes from Spo11 mutant mice arrest at pachytene and initiate apoptosis, which 
is believed to be due to inability to initiate meiotic recombination and proper 
chromosome synapsis (Baudat et al., 2000; Romanienko and Camerini-Otero, 2000).  
Failure to form or maintain chiasmata in spermatocytes from Mlh1 mutant mice leads to 
meiotic arrest and apoptosis, suggesting checkpoints also monitor chromosome pairing 
after the completion of synapsis (Edelmann et al., 1996).  In addition, research presented 
in this dissertation suggests an additional checkpoint functions to ensure DSBs are 
repaired before the onset of the first meiotic division.  Similarly, mice mutant for Sycp1, 
encoding a component of the transverse filaments, are infertile and spermatocytes arrest 
at the pachytene stage due to the inability to repair meiotic double strand breaks (de Vries 
et al., 2005).  
 In contrast, similar checkpoints do not appear to exist in Drosophila 
spermatocytes.  Failure of homologous chromosomes or sister chromatids to remain 
paired during meiosis I does not halt the cell cycle.  Homologous chromosomes in 
spermatocytes from snm and mnm mutants fall apart in early prophase I, but meiosis is 
nevertheless completed and mature sperm are produced (Thomas et al., 2005).  Likewise, 
inability to maintain association of sister chromatids at meiosis I or meiosis II does not 
arrest meiosis or affect sperm production in solo and sun mutants (McKee, unpublished 
data).  Mutations in genes that do cause arrest of meiosis, such as pelota, do not appear to 
completely block the early stages of sperm differentiation (Eberhart and Wasserman, 
1995), suggesting there is no checkpoint in Drosophila that functions to ensure meiosis 
has been completed before the onset of differentiation.  This is in opposition to mouse 
spermatogenesis, where the failure to successfully complete meiosis results in massive 
apoptosis.  It is currently unknown if the presence of unrepaired DSBs will lead to 
meiotic arrest in Drosophila spermatocytes, however, multiple mutations that affect DSB 
repair in somatic cells and female meiotic cells have no apparent affect on 
spermatogenesis. 
 The above examples, which are by no means comprehensive, suggest that meiotic 
checkpoints are not evolutionarily conserved between males of these two species.  
Regulation of meiosis appears to be much more rigid in the mouse than in Drosophila, 
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suggesting overall genome fidelity is much more important to survival/propagation of the 
mouse than that of Drosophila.  This is interesting to consider in the context of the 
apparent repair pathways utilized by late prophase spermatocytes of these two species.  
Repair in mouse spermatocytes appears to occur via the more accurate of repair 
pathways, homologous recombination, whereas our research, as well as that of Preston et 
al. (2006), suggests Drosophila spermatocytes repair damage by the error-prone 
nonhomolgous end joining pathway.  This choice of repair pathway, along with the 
apparent lack of meiotic checkpoints, suggests Drosophila male germ cells are more 
capable of surviving meiotic insults and chromosomal aberrations than male germ cells of 
the mouse.  However this is not necessarily a good quality as it can readily lead to 
deformed and/or mutated progeny, suggesting that higher eukaryotes, such as the mouse, 
have developed checkpoints, and utilize accurate repair pathways, to prevent this from 
happening. 
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Chapter 2-Future Perspectives 
Part II 
Our research has provided ample preliminary data on the ability of pachytene 
spermatocytes to recognize and respond to exogenously induced DNA double strand 
breaks.  However, additional immunolocalization studies should be performed with 
antibodies against other proteins involved in DNA repair, such as RAD52 and Ku70, as 
theses proteins are thought to compete for binding DNA ends and thus determining the 
pathway chosen, RAD52-HR vs. Ku70-NHEJ (reviewed by Jackson et al., 2002).  In 
addition, it is necessary to determine if spermatocytes are able to recover from etoposide-
induced damage once the chemical has been removed.  Spermatocytes could be isolated 
and allowed to recover from this process in culture for 30 minutes, then treated with 
etoposide for six hours.  Following the six-hour incubation, an aliquot of the cells could 
be examined for recruitment of repair proteins and the rest of the spermatocytes could be 
washed and placed back in culture for an additional 6-8 hours.  Following this recovery 
period, cells could once again be examined for the localization of repair proteins and the 
induction of apoptosis.  These results could be compared to those already collected in 
order to determine if the response changes, i.e. the amount of γH2AX decreases and the 
number of RAD51 foci per cell decreases or the overall number of apoptotic cells 
declines.  A decrease in the localization of one or both of these proteins and a decrease in 
the apoptotic response could help determine if actual in vitro repair is possible following 
treatment with etoposide. Similar experiments could also be performed with irradiated 
spermatocytes, allowing greater time for repair as treatment with γ-irradiation takes at 
most 30 minutes.  Even with the time limitations on culture, this would allow us to give 
spermatocytes approximately 10-12 hours to repair the damage.  It would be very 
interesting to determine if spermatocytes are capable of condensing their chromatin in 
response to OA after being given 12 hours to repair the induced DNA damage.  These 
experiments would help determine the timing of DSB repair in pachytene spermatocytes. 
In addition, it would be interesting to determine if any of our observed responses, with 
etoposide treatment and γ-irradiation, change in the presence of Sertoli cells, as our 
results indicate that the damage response is germ cell autonomous.  These experiments 
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are just the beginning, but their results would go a long way in helping to determine the 
capacity of pachytene spermatocytes to repair induced DNA damage. 
 
Part III 
 As with our experiments in mouse spermatocytes, the data collected on the ability 
of Drosophila spermatocytes to respond to induced damage are preliminary, but 
nonetheless lay the groundwork for future experiments.  Our data on γH2Av formation in 
response to damage will provide others in the field with a feasible assay for determining 
the repair capability of the various DNA repair mutants.  As the number of γH2Av foci 
likely corresponds to the number of DSBs, the significant decrease in the number of these 
foci 24 hours following damage, indicates a good portion of the breaks have been 
repaired.  This assumption is somewhat supported by the finding that in Drosophila S2 
cells dTip60 replaces γH2Av with H2Av in a repair dependent manner, thereby 
decreasing the number of foci present (Kusch et al. 2004).  However, the role of dTip60 
in Drosophila spermatocytes has yet to be investigated and our attempts to receive an 
aliquot of the antibody used in these studies has so far been unsuccessful.  Nevertheless, 
assuming we have found a functional repair assay, it would be interesting to determine 
the repair response of spnA mutants, as given our inability to localize it to spermatocytes, 
we would anticipate results in this mutant to be the same as in controls, thereby verifying 
that SPN-A is not involved in spermatocyte repair.  In addition, it would be just as 
interesting, given the results of the genetic study performed by Preston et al. (2006) to 
investigate the repair ability of NHEJ mutants such as lig 4.  If repair in spermatocytes 
does proceed via NHEJ, we would expect to see no significant change in the number of 
γH2Av foci present 24 hours following irradiation.  Unfortunately, as the University of 
Tennessee is about to lose its last gamma source, these experiments will have to be 
performed elsewhere. 
 Our generation of [SPN-A-Venus] transgenic flies has proved more useful in the 
investigation of female meiosis than of spermatogenesis.  However, even though our 
results with two different GAL4 drivers suggest SPN-A does not localize to nuclear foci 
in spermatocytes and is not involved in DSB repair in these cells, it is nevertheless 
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necessary to verify our results by investigating [SPN-A-Venus] expression using 
additional ubiquitously expressed promoters, such as actin, and germ cell specific 
promoters such as β2-tubulin.  
 nanos-driven expression of [SPN-A-Venus] in female ovarioles provided much 
needed verification of the involvement of SPN-A in, and its localization during, female 
meiosis.  As discussed in part III, our construct can be of great value to the field of 
Drosophila oogenesis, as it can be used to investigate the interplay between SPN-A and 
other spindle genes, such as SPN-B, SPN-D OKRA, which are highly expressed in 
oocytes (reviewed by McKim et al. 2002). As spnB, spnD and okra mutant females show 
defects in meiotic recombination it would be interesting to determine how these 
mutations affect the localization of SPN-A during this process.  Are these proteins 
required for SPN-A localization?  In addition, it would be interesting to examine the 
localization of SPN-A in the germarium of female flies mutant for the Drosophila Spo11 
homolog, mei-W68.  As meiotic DSBs are not formed in these mutants (reviewed by 
McKim et al., 2002) SPN-A localization is likely to be absent.  Similarly, as synapsis in 
Drosophila oogenesis precedes the induction of DSBs, and meiotic recombination is 
absent in c(3)g mutants (reviewed by McKim et al., 2002), SPN-A localization would 
most likely absent.  These are just a few of the experiments that can be performed using 
these transgenic flies.  Completion of these experiments would give us a better 
understanding of the role of SPN-A in Drosophila female meiosis. 
 Additional experiments on the capability of spermatocytes to undergo apoptosis 
are necessary as our knowledge of this is seriously lacking.  Experiments need to be 
performed using additional apoptosis assays, such as TUNEL assays and localization of 
specific apoptosis proteins.  Our experiments using the TUNEL assay were unsuccessful, 
which could be due to absence of apoptosis following irradiation.  Determining the ability 
of Drosophila spermatocytes to undergo apoptosis will go a long way in our quest to 
understand how these complex cells respond to induced DNA double strand breaks. 
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